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ARTICLE INFO ABSTRACT

Reduced graphene oxide (G) was used as a platform to grow a mixed catalyst made of brookite and rutile
nanoparticles doped with nitrogen, resulting in excellent performance for the oxidation of 4-nitrophenol (4-NP)
in water under low energy (> 425 nm) radiation. The samples were fully characterized by X-Ray Diffractometry
(XRD), Raman Spectroscopy, Electron Microscopy, X-Ray photoelectron spectroscopy (XPS), photoluminescence
(PL), Z-potential analysis, UV-vis Diffuse Reflectance Spectrophotometry (UV-vis DRS), and porosimetry. The
improved hole-electron separation, demonstrated by PL, is boosted by the exceptional properties of reduced
graphene oxide, which attracts and conveys electrons to dissolved oxygen, in turn initiating the oxidation
process. The optimal amount of reduced graphene oxide was found to be 1% w/w based on 4-nitrophenol (4-NP)
conversion rates. No leaching of carbon into water was revealed, even under irradiation, pointing to the suit-
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ability of the composite catalyst in water.

1. Introduction

Photocatalysis is an increasingly popular technology to mitigate
pollution and environmental issues [1-3]. As such, it enables the de-
gradation of organic species in water without the use of aggressive
oxidizing chemicals. TiO, has been the most widely reported photo-
catalyst owing to its low cost, high efficiency and good stability.
However, the ability of TiO, to be activated for oxidation processes is
restricted to the need of UV light. Consequently, its modification with
nitrogen has been proved as one of the best way to boost reactivity
under visible light radiation, which is the majority of solar spectrum,
and the only light available indoors [4]. The most used crystal phase of
TiO, is anatase (with a band gap of 3.2 eV), very active in the UV re-
gion; however, rutile and brookite-rutile nanocomposites have been
recently reported to be active in the visible, especially upon nitrogen
doping [5,6]. Rutile has a narrower band gap (3.0 eV) than anatase and,
coupled with brookite, it can enhance charge separation. Nitrogen
atoms can be incorporated either interstitially or substitutionally,
acting as attraction centers for holes [7], and then foster the formation
of oxygen vacancies, thus promoting absorption of visible light and,
eventually, reactivity. Beside nitrogen doping, addition of reduced
graphene oxide (G) can significantly enhance reactivity under visible
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radiation [8] due to its remarkable properties, such as high electron
mobility, high surface area to volume ratio, because of its 2-dimen-
sional nature, and transparency [8]. To the best of our knowledge, there
was only one attempt to obtain a N-doped TiO, synthesized on gra-
phene through a sol-gel route, giving rise to anatase phase; moreover,
the catalyst was not used for water remediation purposes [9]. While the
modification of anatase or anatase-rutile TiO, with reduced graphene
oxide has been reported in the last years by a number of scholars
[10,11], the present study deals with a new composite material (N-
TiO,-G) obtained by synthesizing N-doped brookite-rutile nanoparticles
in the presence of reduced graphene oxide (G). The particles form and
grow on the reduced graphene oxide sheets, resulting in a number of
advantages in terms of 4-NP photodegradation in water, irradiated by
visible LED, as detailed in the following. To the best of our knowledge,
TiO, modified with reduced graphene oxide has never been used before
to oxidize 4-NP.

2. Experimental
2.1. Synthesis of reduced graphene oxide

A modified Hummer method was used to prepare graphite oxide by
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using graphite flakes as the precursors. 3 g graphite flakes, 2.5 g po-
tassium persulfate and 2.5 g phosphorous pentoxide were poured into
12 mL concentrated sulfuric acid (H,SO,4) and stirred vigorously for
4.5h at 80 °C. The mixture was cooled down to room temperature
naturally. Afterwards, 0.5 L deionized (DI) water was added and aging
was prolonged for 12 h under stirring. The solution was filtered, wa-
shed and dried to obtain a black solid. The pretreated graphite flakes
underwent oxidation by 15g potassium permanganate (KMnO,) in
120 mL concentrated sulfuric acid (H,SO,4) in an ice bath for 1 h. The
mixture was stirred at 35 °C for 24 h to obtain a very viscous dark-
brown paste, diluted with a slow addition of 250 mL of DI water and
further stirred for 4 h 30 mL (30 w%) of HyO, were slowly added to
quench the solution thus producing a golden-brown solution. The
mixture was filtered and washed with DI water until a pH of 6 was
obtained in the washing solution. The graphite oxide was dried at 40 °C.
Following the oxidation process, graphite oxide (0.5gL™!) was ex-
foliated in water using an ultrasound bath (100 W) for 10 h, ultimately
producing a multilayered graphene oxide (GO). The reduction of GO
was performed by using reducing agent, that is sodium borohydride
(NaBH,), by stirring at room temperature for 5 h. Reduced graphene
oxide (G) black powder was finally dried by a rotary evaporator at
50 °C. Washing with DI water 10 times with the aid of a centrifuge
removed the residual ions producing a pure G powder.

2.2. Fabrication of N-TiO5-G

N-TiO,-G was prepared by using a sol-gel method. Titanium (IV)
butoxide (TBOT) was used as TiO, precursor. TBOT, 2-propanol and
HCl (4 M) in a volumetric ratio of 1:5.461:1.283, respectively, were
mixed until a clear solution (total volume: 116.24 mL) was obtained
under stirring at 70 °C for 20 h. The samples were dried by means of
rotary evaporator at 70 °C. Following that, the powder was calcined at
450 °C for 4 h under nitrogen flow to minimize oxidative/thermal de-
gradation of G. G and ammonium nitrate, used as N-doping agent with
0.8% (w/w), were dispersed/dissolved in the water prior to mixing with
TBOT, HCI and 2-propanol solution. When needed, ultrasound treat-
ment and ultrafast (3000 rpm) magnetic stirring were applied to
properly break down and disperse G. Bare N-doped TiO, was prepared
as well. The amount of G was fixed at 0.1%,0.5% 1%, 1.5%, 2% (w/w)
with respect to TiO, and the corresponding samples were denoted as N-
Ti02/G_0.1%, N-TiO,-G_0.5%, N-TiO5-G_1%, N-TiO,-G_1.5% and TiO,-
G_2%, respectively.

2.3. Characterization and reactivity — experimental details

A Nova NanoSEM was used to observe the morphology and di-
mensions of samples and to perform EDX mapping. Samples were
prepared by dropping a water suspension on a stainless steel stub pre-
viously cleansed with water, acetone and ethanol under ultrasounds.
Mapping of the constitutive elements of the composite materials was
carried out by using a distribution mapping technique by energy dis-
persive X-ray spectroscopy (EDX) combined with SEM. EDX mapping
was recorded using a spot size of 5 nm, X-ray energy of 20 eV with a
256 % 200 resolution and 200 ps dwells (64 frames). Carbon, titanium
and oxygen mapping, using red, green and blue colors respectively,
provides the visualization of elemental contents.

Powder X-Ray diffraction (XRD) was performed in a 20 range of
10-90° by using PANalytical Empyrean diffractometer with Cu Ka ra-
diation of 1.54 A at 45 kV and 40 mA to determine the crystal structure
of the prepared samples. The powders were ground in a mortar before
analysis, and a holder with fixed thickness of samples was used to get
comparable results.

Raman spectroscopy was performed by a Renishaw Raman spec-
troscope equipped with a 514.5 nm laser line and laser power below
0.5 mW. The Raman spectra were collected in back scattering config-
uration in the range 3500 cm ~'-50 cm ™. The powder was pressed in a
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holder to get a homogeneous surface before the analysis.

Fourier transform infrared (FT-IR) analysis was carried out by using
a Bruker Vertex 80 v FT-IR (128 scans) in the 4000 cm ™~ '-400 cm !
region in diffuse reflectance mode (DRIFT). The powders were ground
in a mortar before analysis and pressed in a holder to get a flat surface.

X-ray Photoelectron Spectroscopy (XPS) was performed on an
Escalab 250 x i from Thermo with a monochromatic Al Ka source
(1486.6 eV). Photoelectrons are collected at an angle of 0° relative to
the sample surface normal. Samples were fixed using double-sided
carbon tape. Survey and high-resolution spectra were acquired using a
spot size of 250 um and pass energy of 150 eV and 20 eV, respectively.
A flood gun with combined electron and low energy ions was also used
during analysis to prevent surface charging. Surveys were measured in
steps of 1.0 eV with 50 ms dwell time per data point. Nitrogen, carbon,
and oxygen 1s high-resolution spectra were measured within the
spectral range of interest with 0.1 eV steps and 50 ms dwell time per
data point. Analysis of the data was carried out with CasaXPS software.
A Shirley background was used in curve-fitting along with a GL(30)
line-shape (70% Gaussian, 30% Lorentzian using the Gaussian/
Lorentzian product form) for the C 1s, N 1s and O 1s spectra. Samples
were referenced to the C 1s emission by adventitious hydrocarbon
contamination at 284.8 eV.

TEM analysis was carried out by using a Tecnai G2 transmission
electron microscope to observe the morphology and dimensions of
samples. Samples for TEM were deposited on a Forvar/Carbon 300 or
400-mesh Cu grid purchased from Tedpella; the powder was previously
suspended in water and 2 pL were dropped on the TEM grid twice
(waiting for the complete drying before the second deposition).

The adsorption/desorption isotherms of the catalysts were recorded
by using a Quantachrome NOVA 2000e surface area and pore size
analyzer by using N, as adsorbent. The sample was degassed in static
conditions under vacuum at 400 °C for 4 h prior to analysis. The specific
surface area of catalysts were calculated using the multipoint Brunauer-
Emmett-Teller (BET) method, as an average desorption and adsorption
values in the P/P, range of 0-0.35.The pore size distribution was cal-
culated from the desorption curve in the whole range of pressures by
using two different models, BJH (Barrett-Joyner-Halenda) and DFT
(Density Functional Theory).

UV-vis diffuse reflectance spectra (DRS) were recorded by using a
Shimadzu UV-2600 Spectrophotometer in a range 200-800 nm. The
powder was pressed in a holder to get a flat surface before the analysis.
The optical band gaps were calculated by considering indirect transi-
tions, as typically applied to TiO, based samples.

Photoluminescence was recorded by using a Perkin Elmer LS-55,
preparing the samples by pressing in a holder to get a flat surface before
the analysis. The analyses were run by using dry powders with the
following parameters: excitation wavelength: 300 nm, scanning speed
of 500 nm min ~?, excitation slit width 2.5 nm, emission slit: 7.5 nm.

The point of zero charge was assessed by Brookhaven ZetaPALS
(Zeta potential Brookhaven Instruments Corporation, USA). The Zeta
potential of the samples was recorded at different pH’s in water sus-
pensions of 1 mg/L at 25°C and the equipment run 10 cycles per
measurement. The pH of samples was adjusted by using 0.3 M HCl and
1 M NaOH and the same analysis was triplicated.

The irradiation system employed for the reactivity study consisted
of a flat visible LED source (electric power absorbed: 33.1 W) emitting
at wavelengths greater than 425 nm (Fig. S1). A 400 mL beaker was
placed containing 250 mL suspension mixed at a 1800 rpm by using a
magnetic stirrer. The radiation intensity reaching the surface of the
suspension was 203 W m ™2 (measured in the 450-950 nm range by
using a DeltaOhm 9721 radiometer and the matching probe). Before the
runs, each sample was added progressively into 250 mL DI water (every
time treating with ultrasounds for 2 min) until reaching a final trans-
mitted radiation intensity from the bottom of the beaker of ca. 10%
with respect to the transmitted light in the presence of only DI water: in
this way it was assured that all particles were irradiated. The powder
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weight required to have this transmittance was the one used for the
reactivity tests (Table S1), carried out in water suspensions of 5 mg L~ 1
of 4-nitrophenol (4-NP), at the natural pH of 5.5. At this pH, only
molecular 4-NP exists in solution and the amount of 4-nitrophenate can
be neglected. This is relevant since the latter one has a strong absorp-
tion in the visible radiation and would drastically affect the reactivity
under radiation greater 425 nm, such that used in the present study.

Oxygen was bubbled into the suspension for 2 h in the dark before
turning the lamp on, after which the adsorbed 4-NP was checked. Then
light was then switched on and oxygen was flowed during all the run.
Samples were withdrawn periodically from the reactor by using a syr-
inge and filtered using a 0.2 um PTFE filter. The total irradiation time
was 20.5h. The extent of degradation of 4-NP was measured as a
function of the visible absorbance of each sample at a wavelength of
315 nm by using a Thermo Scientific HPLC (Dionex UltiMate 3000
Photodiode Array Detector) with an Acclaim-120 C18 Reversed-phase
LC column working at 25 °C (eluent: 33% water, 33% acetonitrile, 34%
methanol; flow rate: 0.2mLmin~!). The reproducibility of the ex-
perimental runs was always over 95%. The stability of N-TiO»-G_1%
was assessed by recycling the catalyst for 3 runs. After the each pho-
tocatalytic reaction, the suspension was centrifuged and filtered to re-
cover the photocatalyst, which was washed with DI water, dried and
used in the next cycle of 4-NP oxidation, in the same experimental
conditions described above.

3. Results and discussion

GO was prepared by using a modified Hummer’s method [12] and
reduced using sodium borohydride. After that, Titanium tetrabutoxide
(TBOT) was hydrolyzed in a controlled way, in the presence of evenly
dispersed G and a nitrogen source. The obtained powder was annealed
at 450 °C under nitrogen flow to limit graphene oxidative thermal de-
gradation. The thermal treatment resulted in the degradation of excess
G layers built up over the nanoparticles (Figs. 1, 2 and S2 ) during the
annealing of the composite catalyst, thus ensuring the photocatalytic
activity of the materials. EDX mapping on titanium, oxygen and carbon
on a representative composite shows the very different Ti signal before
and after treatment (Figs. 1 and 2), due to the degradation of G over
TiO, particles during the annealing. Incidentally, it should be pointed
out that EDX is not very sensitive for oxygen and, especially, for carbon
at the low used loading.

Journal of Environmental Chemical Engineering 5 (2017) 5091-5098

XRD allowed to verify the successful oxidation of graphite to gra-
phite oxide first and to graphene oxide (GO) after exfoliation, and also
the reduction of graphene oxide (GO) to reduced graphene oxide (Fig.
S$3). In fact, the characteristic diffraction peaks of graphite, corre-
sponding to (002) and (004) plans, disappear after oxidation, and GO
peak at 10.25° disappears after reduction. The diffraction peak at 8.2°,
obtained for G, can be ascribed to the establishment of a 1.1 nm in-
terplanar spacing in the stacking of the carbon layers, similarly to what
previously observed [13]. A broad (002) peak can be observed at ca.
29.0° and it can be attributed to the layer-to-layer distance (0.31 nm)
[14]. The broad diffraction peak at 43° is associated to a turbostratic
signal characteristic of disordered carbon nanomaterials [15]. Looking
at the XRD diffractograms of N-TiO, and N-TiO,-G (Fig. S4), we can
observe all the characteristic peaks of brookite and rutile (25.4°, 30.8°,
48.1° for brookite; 27.4°, 41.2°, 54.3°, 56.6°, 69.0° for rutile), and ex-
clude the presence of anatase (75.1° is an intense diffraction peak of the
crystal plane (215) of anatase and, in this case, it is absent). Graphene
peaks are not visible in the XRD of the composite materials, since its
percentage is far below XRD detection limit. Using the Scherrer’s
equation [6], the rutile crystallites was 22-29 nm in size, well larger
than those of brookite crystallites (11-13 nm).

The Raman spectra of graphite, graphite oxide, GO and G (Fig. S5)
highlight that, upon graphite oxidization to graphite oxide, the char-
acteristic sharp bands of the former disappear. The predominant Raman
bands in GO and G are the D and G bands, and the ratio between the
intensity of D and G bands looks greater for G, compared to GO, thus
confirming the successful reduction of the latter one. Moreover, the 2D
band is absent because both GO and G are highly defective [16].

Raman spectra of the composite materials are shown in Fig. 3,
where brookite signals at ca. 150 (A1), 246 (A1g), 322 (B1g), 365 (Byy),
402 (A1g), 449 (Byg), and 640 (A;g) cm ! can be clearly observed [17].
Rutile signals are more difficult to be identified and they correspond to
frequencies of 126 (Ajg), 440 (Eg) and 611 (Big) cm ™!, as also sug-
gested by literature [18]. However, the exact determination of rutile
frequencies is hampered by the high number of brookite bands, which
partially overlap with rutile bands. The Raman signals of graphene
cannot be seen, due to the small amount used, and to the TiO, Raman
background in the spectral region of the graphene Raman peaks.

After reduction of GO, the FTIR highlighted the disappearance of
the band centered at 1700 cm ™%, assigned to C=0 stretching, pointing
to the effective reduction of GO to G (Fig. S6). The difference between

Fig. 1. EDX mapping of N-TiO»-G_0.5% before annealing: (a) image, (b)
carbon mapping, (c) titanium mapping, (d) oxygen mapping.
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N-TiO, and N-TiO,-G_1% is not obvious. The C=C band centered at
1600 cm ! partially overlaps with —OH signals making it very difficult
to appreciate any difference.

XPS surveys of GO and G also support the effective reduction of the
former to the latter. As shown in high resolution carbon spectra for GO
and G (Fig. 4 a and b), the oxidized carbon peaks (C—O at 286.8 eV and
C=0 at 288.1 eV) decreased from 36 to 21.8% and from 5.4 to 4.5%,
respectively, while sp? carbon peak (C—C at 284.8 eV) increased from
17.9 to 28.7% after the reduction. In Fig. 4c and d, high resolution (HR)
carbon spectra for N-TiO, with 0.1% and 1% G loadings are shown. Due
to the very small G content in N-TiO, and the possible contamination of
adventitious carbon from the atmosphere, it is difficult to conclusively
attribute the sp? carbon signal to G. However, small increase of carbon
content is observed for the higher G loading sample, possibly originated
from increased G in N-TiOs.

TEM characterization of graphite oxide, GO and G are shown in
Supporting information (Fig. S7), where the 2-dimensional morphology
typical of these materials with thinner and smaller particle sizes moving
from graphite oxide down to G is evident. TEM of N-TiO, samples
modified with G (Fig. 5 and Fig. S8) highlighted the presence of bigger
particles of rutile (20-100 nm) with respect to brookite (5-20 nm), as
suggested by XRD as well.

The significantly different size and shape of brookite and rutile was
recently validated by the analysis of electron diffraction patterns (EDP)
and d-spacing (through HRTEM) of analogous brookite-rutile samples
prepared without G [6].

Journal of Environmental Chemical Engineering 5 (2017) 5091-5098

Fig. 2. EDX mapping of N-TiO»-G_0.5% after annealing: (a) image, (b)
carbon mapping, (c) titanium mapping, (d) oxygen mapping.

Fig. 5 shows that brookite and rutile nanoparticles grow on G sheets
with dimensions ranging from ca. 100 to 1000 nm, and the good con-
tact among rutile, brookite and G is remarkable. This is obviously
propitious for an efficient charge transfer and stable separation of
electrons and holes, as further demonstrated by photoluminescence
spectra shown in the following. In samples containing 1% G, it was
possible to detect G in few points, although its high transparency to the
electron beam, along with the masking effects of nanoparticles on it
hampered a perfect visualization (Fig. 5¢ and d). The EDP of an area
where brookite, rutile and G were present (inset of Fig. 5a) resulted in
bright circles typical of G, along with distinct spots determined by
crystalline particles.

A hysteresis of type IV can be seen in the BET isotherms of all the
samples (Figs. S9-14 in Supporting information), pointing to a capillary
condensation in mesopores. The pore sizes are in the mesoporosity re-
gion, roughly ranging from 2.9 to 30 nm and pore size distributions are
available as Supporting information. The specific surface area is smaller
for the sample with 1% G, with wider pores compared to the other
samples, as shown in Table 1.

In UV-vis DRS (Fig. S15) we can notice a slightly better ability to
absorb visible radiation with respect to N-TiOs, although the calculated
band gap of N-TiO, (2.95 eV) for indirect semiconductors is very close
to that of N-TiO5-G_2% (2.93 eV), similarly to what previously reported
for modified TiO, [20,21].

The photoluminescence (PL) emission upon excitation at 300 nm
(Fig. 6) shades light on the strong improvement of charge separation on
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Fig. 4. XPS high resolution carbon spectra for (a) GO, (b) G, (c) N-
Ti0»-G_0.1% and (d) N-TiO,-G_1%.
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the composite materials compared to TiO, and N-TiO,. G surface has a
positive Mulliken charge, resulting in an opposite interface dipole at the
border with TiO, nanoparticles: consequently a strong tendency exists
for electron transfer to G, resulting in an attenuation of charge re-
combination [22]. Accordingly, a lower photoluminescence emission
can be observed in the whole emission spectrum (380-585 nm) for N-
TiO5-G_1% compared to N-TiO, and TiO,. From the spectra in Fig. 6
one can notice that the shape of the emissions are similar and the main
emission is centered at ca. 420 nm. The band-to-band transition occurs
around this wavelength corresponding to the band gap energy. Emis-
sion at greater wavelengths is produced by electron trapping in TiO,
oxygen vacancies and transitions from intra-band gap states to valence
band. However, the intensity of the peak in the presence of G is lower
compared to N-TiO,, highlighting the ability of G to attract electrons on
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Table 1
Textural properties of the catalysts under study.

BET SSA PHW(DF PR (BJH TPV (cc gil)
m2g™h model) (nm) model) (nm)
TiO, 41.9 4.66 8.29 0.144
N-TiO, 56.8 3.73 7.53 0.178
N-TiO,- 56.0 3.73 7.60 0.161
G_0.1%
N-TiO,- 56.8 3.90 7.62 0.159
G_0.5%
N-TiO,-G_1% 50.1 4.67 9.44 0.179
N-TiO»-G_2% 59.1 3.90 8.36 0.173

SSA, specific surface area; PHW, pore half width; PR, pore radius; TPV, total pore volume.

Fig. 5. TEM images of N-TiO,-G_1%. (a) Nanoparticles of rutile and
brookite (contact highlighted) with the corresponding EDP in inset; (b)
crystal fringes of rutile (110) plane; (c,d) G edge highlighted in an ag-
glomerate of particles grown on it (c,d were shown as preview in the re-
view article [19]).
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Fig. 6. Photoluminescence emission spectra of TiO,, N-TiO, and N-TiO,-G
at different G loadings. Excitation wavelength: 300 nm.
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on weight basis; (b) on surface area basis. The conversion
percentage of catalyst after 5 h is reported above the error bar
of each catalysts (a).
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an energy level close to the conduction band of brookite and rutile and
to convey them away from TiO,, thus limiting their recombination with
holes. This is possible given the work function of reduced graphene
oxide (—4.5 = 0.2 €V) [23] compared to the conduction band of TiO,
which is —4.0 = 0.1 eV (the N-doping does not affect this level much)
[6,8].

The point of zero charge of G in water is ranging from 3 to 5 due to
the presence of carboxylic acid groups and phenolic hydroxyl groups in
G [24]. On the other hand, the point of zero charge of TiO, can be
drastically different depending on the surface characteristics of the
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N-TiO,-G_1%

3rd cycle

semiconductor. In the present case, the Zeta-potential analysis per-
formed on the composite materials indicated that Nitrogen doping and
G loading had a minor effect on the point of zero charges, which ranged
between 4.7 and 5.3 without any trend (Supporting information, Fig.
S16 and Table S2). The minor change by doping with nitrogen can be
ascribed to the electronegativities of nitrogen and oxygen in TiO.,
which are not very different. On the other hand, G is not affecting the
point of zero charge of photocatalysts most probably because it is lo-
cated below the semiconductor nanoparticles, with a negligible inter-
face with water molecules.
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In terms of activity in the removal of 4-NP from water, all the
composite catalysts showed a negligible ability to adsorb the organic
species without any applied radiation. After switching the light on, the
photocatalytic activity of brookite-rutile sample enhanced drastically
via N-doping, whereas the contemporary N-doping and loading of 1%
G, gave a further increase in the pseudo-first order kinetic constant (k)
of 4-NP disappearance via photooxidation under UV-free visible ra-
diation (Fig. 7) evaluated through an exponential best fitting procedure
of the following equations:

V dCy_np

=kCy_
X d 4—NP

— I4_Np = —

(€Y

where —r4np is the disappearance rate of 4-NP, V is the reactor vo-
lume, t is the irradiation time and X is either the mass (Fig. 7a) or the
surface area (Fig. 7b) of the catalyst in the reactor. The improvement of
G over N-TiO,, in terms of kinetic constant, was 40% and 60% on mass
and surface basis, as showed in Fig. 7a and b, respectively. Notably, the
optimum catalyst has been filtered, washed and dried after reaction and
reusing it for three times did not result in any noticeable deactivation
(Fig. 7b). 4-NP conversion achieved with the optimum catalyst was
45% after 22.5h irradiation (Fig. 7a). Table 1 reveals that the best
performing catalyst, N-TiO,-G_1%, is also the one with the widest pores
and the highest total pore volume. Then, porosity is relevant in af-
fecting reactivity thanks to a favorable adsorption on catalyst surface,
which is more accessible in porous particles. Specific surface area is
instead the lowest for the same sample.

Although the investigation of reaction mechanism was not the aim
of the present study, extensive past research has shown that, in the
course of 4-NP photocatalytic oxidation, NO, group can be replaced by
a hydroxyl group forming hydroquinone or alternatively an hydroxyl
radical can enter the ortho-position activated by the phenolic group in
4-NP, producing 3,4-dihydroxynitrobenzene. Ring opening and con-
version to CO, are further oxidation steps, although the parallel con-
version to CO, of the starting substrate, without any formation of or-
ganic intermediates is also viable, as shown in a number of studies
[25-27].

Finally, the value of the presented catalysts in the oxidation of 4-NP
under low energy visible radiation was underlined by the total lack of
activity, which distinguished analogous experimental runs carried out
in the presence of commercial catalysts, i.e. Evonik P25 and mixtures of
Sigma-Aldrich rutile and brookite (50/50 w/w).

4. Conclusion

The reported study showed that the contemporary i) N-doping and
ii) growth of brookite-rutile samples on reduced graphene oxide yield a
high efficiency in the oxidation of a model pollutant (4-NP) from water
through photodegradation under UV-free visible radiation. The effect of
reduced graphene oxide in the composite material is to: (i) improve the
charge separation and (ii) extend the light absorption threshold. Likely,
st-conjugation of reduced graphene oxide can play a major positive role.
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