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Preparation of N-TiO,/RGO nanocomposites through sol-gel method
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Abstract—Nitrogen-doped TiO, and reduced graphene oxide (RGO) nanocomposites (NTG) were prepared by sol-
gel method followed by annealing treatment process under N, atmosphere. The as-prepared NTG nanocomposite were
characterized by transmission electron microscopy (TEM), X-ray diffraction (XRD), X-ray photoelectron spectroscopy
(XPS), Fourier-transform infrared spectroscopy (FT-IR) and ultraviolet-visible diffuse reflectance spectroscopy (DRS).
The results indicate that the incorporation of nitrogen onto both RGO and TiO, was accomplished simultaneously in
the facile process. Nitrogen doping makes the light excitation range red shift and can enhance the electron-hole separa-
tion effectively. The photocatalytic activity of the as-prepared samples was evaluated through the degradation of methyl
orange (MO) under visible light irradiation. The introduction of nitrogen increased the photodegradation activity,
which can be indicated by the fitted apparent first-order kinetics rate constant k, increasing about four times from 0-
NTG-450 to 15-NTG-450. The annealing treatment further increased the photodegradation activity about 1.5 times of

15NTG-450 for 15NTG-800.
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INTRODUCTION

Environmental pollution has become a worldwide issue. Semi-
conductor photocatalysis is an effective way for organic pollutant
degradation, hydrogen production and antibacterial actions [1].
TiO, is a widely studied and very important photocatalyst result-
ing from its optoelectronic performance, strong oxidizing ability,
chemical stability, environmentally friendly property, high efficiency
and low cost in removal of pollutants in air and water [2,3]. How-
ever, the great limitation of this material is its relatively high band
gap (3.2¢eV for anatase phase and 3.0€V for rutile phase), allow-
ing it to be activated mostly by UV radiation, which can only har-
vest 2-5% of the energy in the solar spectrum [4,5]. Under UV
irradiation, electrons are stimulated from the valence band (VB) to
the conduction band (CB) of TiO, to form electron hole pairs, which
is useful for photocatalytic activity. Unfortunately, the photogene-
rated electrons and holes are easily recombined before they trans-
fer to the photocatalyst surface, leading to the fast decrease of the
photocatalytic efficiency for TiO, and limiting its applications under
solar atmosphere [3,6]. Therefore, it is of great significance to extend
the light response of TiO, from the ultraviolet range to the visible
light range and inhibit the recombination of photogenerated carri-
ers to improve the photocatalytic activity of TiO,.

To improve the utilization of solar source, TiO, doped with metal/
non-metal elements (C, N, S, B Au, Pt, etc.) [7-12] and coupling
with semiconductors, noble metals, polymers and carbon-based
materials such as carbon black [13], CNTs [14], and graphene [15,
16] excited the interest of scientists. That said, in the process of transi-
tion metal catalysis, the leaching of toxic metals often occurs, caus-
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ing potential harm to human health, which limits its practical ap-
plication in environmental pollution control [17,18]. Among the
different kinds of substances mentioned, nitrogen as a dopant has
attracted much attention resulting from its efficiency in the prepa-
ration of visible light-responsive photocatalysts [19-21]. Combina-
tion of TiO, and nanostructured carbon materials (encompassing
zero-dimensional, one-dimensional, or two-dimensional materials)
provides a wide range of potential applications [22-24].

As a single-layer six-membered ring composed of sp2 hybrid
carbon atoms, graphene has attracted attention greatly since its dis-
covery [25]. Due to its unique properties, graphene has high car-
rier mobility (>200,000cm® V' s™'), good thermal conductivity
(5000 W m ™" K ) and extremely high theoretical specific surface
area (2,600 m’ g ") [26]. So the combination of TiO, and graphene
is an attractive way for improving the property of TiO,.

Graphene oxide (GO) is always used in the preparation of TiO,/
graphene composite materials because the non-easily dispersible
property of graphene in water. However, the electrical conductivity
of GO is much lower than graphene because the highly conjugated
structure of graphene is destroyed by oxygen-containing func-
tional groups. By reducing graphene oxide (GO), most of the oxy-
gen-containing functional groups, such as epoxide [27], can be
removed to form reduced graphene oxide (RGO). Meanwhile, due
to the partial reconstruction of the conjugated structure in the
reduction process, the conductivity of GO is significantly improved.
The results show that RGO can be used as an ideal electron trap
or electron transfer bridge. When combined, RGO can slow down
the charge recombination, accelerate the electron transfer and im-
prove the photocatalytic efficiency of TiO, [28-32].

Among the above-mentioned candidates, nitrogen and RGO
have gained widespread concern, resulting from their efficiency in
preparing visible light-responsive photocatalysts. Mohammadi et al.
[33] prepared RGO-TiO, nanocomposites by means of hydrother-
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mal approach using TiO, powder and GO nanosheets, which de-
graded 90% of 20 ppm methylene blue in 15 min. Pei et al. [34]
fabricated a reduced graphene oxide (TRG-COOH) nanocompos-
ite photocatalyst by mixing TiO, with RGO, and its photocatalytic
efficiency was about 8.9 and 2.7 times that of P25 and fully reduced
TiO,-RGO composite under Xenon lamp. Ida et al. [35] reported
a photocatalyst through simultaneous doping of nitrogen (using
10% ammonia solution as nitrogen precursor) and RGO on TiO,
under ultrasonic conditions followed by hydrothermal method. It
can promote the production of H,, reaching 15,028 pmol/h/g under
UV-Vis irradiation.

The existing modification method of TiO, mostly is based on
solvothermal method, but there are several limitations such as high
pressure and temperature, long reaction time and so on. To solve
these problems, the sol-gel method attracted attention because it is
mild for obtaining TiO, nanocomposite. The time-consuming step
(long-time reaction) is eliminated in the synthesis process without
interrupting the conformation process of TiO, nanoparticles, which
is essential for obtaining crystalline TiO, [36]. There are reports on
N doping of GO [37,38] or TiO, [16,22], but there are few reports
about nitrogen doping on TiO,/RGO nanocomposites. Especially,
as far as we know, the nitrogen doping of TiO, and RGO has not
been studied for sol-gel synthesis. Furthermore, the role of the N
dopant on organic pollutant degradation needs to be further clari-
fied. Simultaneously; a plausible mechanism should be established
to prove how the nitrogen source, RGO and TiO, simultaneously
take effect in a photocatalytic reaction.

Simultaneous doping of nitrogen through sol-gel method using
urea as nitrogen source on both TiO, and RGO was to be carried
out. The prepared photocatalyst was accessed for dye degradation.
The suitable preparation conditions and N doping amount which
are favorable for dye degradation are to be discussed. Successful
introduction of nitrogen simultaneously onto TiO, and RGO was
confirmed by various characterization methods, and possible reac-
tion mechanism of the degradation process was analyzed.

EXPERIMENTAL

1. Materials

Tetrabutyl titanate (C,¢H;50,Ti, 299.0%), ethanol (C,H,O, 299.9%),
acetylacetone (CsH,O,, 299.0%), nitric acid (HNO;, 299.9%), potas-
sium permanganate (KMnO,, 299.0%), sodium nitrate (NaNO;,
>99.0%), concentrated sulfuric acid (H,SO,, 299.9%), hydrogen
peroxide (H,O,, 299.0%) and urea (CH,N,O, >99.0%) were pur-
chased from Sinopharm Ltd. All chemical reagents were used as
received without further purification. Deionized water was used in
all the experiments.
2. Synthesis of Graphite Oxide

Graphite oxide was synthesized following modified Hummers
method [39]. The yellow graphite oxide suspension obtained was
washed with dilute hydrochloric acid to remove impurities and then
washed thoroughly with distilled water until the pH of the super-
natant reached 7 [40]. At the end, the obtained graphite oxide solu-
tion was dried in vacuum at —40 °C for 24 h.
3. Synthesis of Nitrogen-doped TiO,/Reduced Graphene Oxide

The nitrogen-doped TiO,/reduced graphene oxide (NTG) nano-

September, 2021

particles were synthesized by a sol-gel method followed by an anneal-
ing treatment. Urea was selected as nitrogen dopant compound.

Tetrabutyl titanate and acetylacetone (volume ratio between these
two reagent was 1: 1, 2 ml for each) was added drop-by-drop into
40 ml ethyl alcohol under vigorous magnetic stirring for 2h and a
nanocolloid (sol-TiO,) suspension was formed. Then 15 mg urea
was dissolved into 10 ml ethyl alcohol. The urea solution was drop-
wise added into the sol-TiO, under vigorous magnetic stirring for
2 h to form nitrogen-doped gel-TiO,. A mixture of certain amount
of graphite oxide and 40 ml deionized water was treated under
ultrasonic oscillation to form graphene oxide (GO) solution. The
solution of GO was then dropwise added into the nitrogen-doped
gel-TiO,, with 0.5 ml mixture of nitric acid and ethyl alcohol (1: 10
(V/V)) added together so as to avoid the destruction of the stable
gel system. The mixture was stirred for 1.5h and then dried at
80 °C. The obtained dried powders were calcined at 450, 600, 700,
800 °C, respectively, in nitrogen atmosphere for 1h to obtain NTG
photocatalysts.

The effect of urea concentration was also studied through vary-
ing the weight of urea added (0, 5, 15, 50, 100 and 500 mg). The
annealing temperature was also varied (T=450, 600, 700 and 800 °C,
respectively) to observe its influence on NTG photocatalysts. The
prepared NTG photocatalysts were named as xNTG-T to distin-
guish the amount of urea added and the annealing temperature
used, where x is the weight of urea added, with x=0, 5, 15, 50, 100
and 500 mg, respectively; and T'is the annealing temperature used,
with T=450, 600, 700 and 800 °C, respectively.

4. Characterization Methods

The diffuse reflectance spectra of the catalysts were studied by
Shimadzu UV-2501 PC integrating sphere spectrophotometer. The
crystal structure of TiO, nanoparticles was characterized by pow-
der X-ray diffraction (XRD, Bruker D8 discover diffractometer)
analysis using Cuke radiation (1=1.5406 A) at 40 kV/40 ma with
an angle range of 20-60° (26). Rietveld refinement was used for
subsequent X-ray diffraction data analysis. The Kratos Axis-Supra
instrument with aluminum Ko monochromatized radiation source
was used to measure X-ray photoelectron spectroscopy (XPS). At
284.8 ¢V, all the binding energies are at the Cls level. The surface
morphology was observed by SEM (SEM, Carl Zeiss, SUPRA-55)
and high resolution transmission electron microscopy (HRTEM,
FEI, TECHNALI F20, Supertwin) techniques.

5. Photocatalytic Activity Analysis

The photocatalytic activity of different catalyst samples was eval-
uated through the photocatalytic degradation effects of methylene
blue (MB, 20 mg/L, 4, ¥=664 nm) and methyl orange (MO, 20
mg/L, A, ¥=464 nm), under visible irradiation. The visible irra-
diation source employed was a 500 W xenon lamp filtered to 400-
800 nm range so as to avoid the disturbance of ultraviolet. 100 mg
of one kind photocatalysts and 200 ml of dye aqueous solution
were added to the reaction system and ultrasonic wave was con-
ducted for 30 min in the dark to ensure adsorption-desorption equi-
librium. The xenon lamp was turned on afterwards and the photo-
degradation process began. During the photodegradation process,
4ml solution samples were extracted at a certain time interval,
and the photocatalysts were separated from the solution samples
by centrifugation. The concentration of residual transparent solu-
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Fig. 1. TEM image of 15NTG-450 (a)-(b) and 15NTG-800 (c).
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Fig. 2. (a) XRD patterns of ONTG-450, 5NTG-450, 15NTG-450, 50NTG-450, 100-450NTG and 500NTG-450; (b) XRD patterns of 15NTG-
450, 15NTG-600, 15NTG-700 and 15NTG-800; (c) details at 25.3° in (a).

tion was analyzed by UV-Visible spectrophotometer (Shanghai Jingke
UV-752N).

RESULTS AND DISCUSSION

1. Morphology Analysis

As is known, the morphology of nanocomposites has a certain
influence on the photocatalytic activity. Hence, the morphology of
NTGs was observed by TEM. Fig. 1 gave the TEM image of I5NTG-
450 (a)-(b) and 15NTG-800 (c). From the normal magnification
images (Fig. 1(a)), the general diameters of TiO, nanoparticles were
about 8-10 nm. The two-dimensional structure partially with wrin-
Kkles could be identified as the RGO sheets in the nanocomposites.
From the high resolution TEM image shown in Fig. 1(b), RGO
nanosheets covered the TiO, nanoparticles in the nanocomposites
in some degree. Besides, the fringe spacing was measured to be
0.22 nm, which could be vested in the (101) crystal facet of ana-
tase. With the increase of annealing temperature, more N-doped
TiO, nanoparticles were anchored by RGO and RGO monolayers
were not damaged by higher temperature, which can be shown in
Fig. 1(c). As shown in Fig. 1(c), diameter of TiO, particles was a
little larger compared to Fig. 1(a) when the annealing treatment
temperature rose from 450 to 800 °C. Pei et al. [41] also found that
the increase of annealing treatment temperature could significantly
change the diameters of TiO, particles, with slightly larger particle
size observed under higher annealing treatment temperature.
2. XRD Patterns

The crystallinity of different catalysts was analyzed by X-ray dif-
fractometer. Fig. 2(a) and (b) show XRD plots of XNTG-T corre-

sponding to various urea added amounts and annealing tem-
perature. Fig. 2(c) shows the detail at the 26 angle of 25.3° of Fig,
2(b). As shown in the XRD patterns, anatase was the major phase
and rutile was the secondary phase. The diffractogram of all TiO,
based samples has peaks at 26 angles 25.3°, 37.8°, 48.1°, 54.2° and
55.1° that correspond to (101) (004) (105) and (211) planes. All the
catalysts showed the presence of anatase phase of TiO, (JCPDS-
No.21-1272) with prime existence of plane (101). The absence of
characteristic peak of GO at 22° for xXNTG-T proved that TiO, had
a good separation effect on RGO nanosheets [42]. The obvious
increasing first and then decreasing in the peak intensity at 25.3°
with the increase of nitrogen doped onto the TiO, verified the high
crystallinity after doping with proper content of nitrogen, which
can be seen in Fig. 2(a). The higher the crystallinity, the higher the

Table 1. XRD data of the samples

No. Sample d (nm) D (nm)
1 ONTG-450 3.4398 214
2 5NTG-450 3.5281 94
3 15NTG-450 3.5010 9.1
4 50NTG-450 3.5223 10.3
5 100NTG-450 3.5146 109
6 500NTG-450 3.5622 11.2
8 15NTG-600 3.4875 9.5
9 15NTG-700 3.5228 9.9
10 15NTG-800 3.5145 10.5

Note: d- interplanar spacing; D- crystallite size

Korean J. Chem. Eng.(Vol. 38, No. 9)
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energy band structure of the semiconductor, and the stronger photo-
catalytic activity [43,44]. Simultaneously, annealing treatment can

significantly improve the degree of crystallization,

especially facets

(101), (004) and (105) as shown in Fig. 2(b). To measure the struc-
tural changes quantificationally, Scherrer’s equation [42] was used
to determine the crystallite size and Table 1 presented XRD data
of the nanocomposites. As shown in Table 1, mean crystallite size
decreased from 21.4 nm for sample 1 to 9.1 nm for sample 3 but
increased to 11.2nm for sample 6. The decrease of peak width
leads to the increase of microcrystalline size compared with the
non-N-doping sample (ONTG-450), which proved that nitrogen

element was successfully induced into the TiO, shown in Fig. 2(a).
The crystal form could behave more obviously with the increase
of annealing treatment temperature confirmed by Fig. 2(b) where
the peak was gradually sharpened. As shown in Table 1, diameter
of TiO, particles was a little larger when the annealing treatment
temperature rose from 450 to 800 °C, which could also be proved
by TEM images in Section 3.1. The slight deviation of 26 value of
xNTG-450 (Fig. 2(c)) indicated the stress is caused by nitrogen

doping in the nanocomposites.
3. XPS Spectra

The NTG samples fabricated via the N-doping under anneal-
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ing treatment were analyzed by XPS spectra to prove the N-dop-
ing effect. The high-resolved XPS spectrum was fitted by Gaussian-
Lorentzian sum function employing professional fitting software
(Casa XPS). The XPS spectra of 15NTG-450 in Fig. 3(a) and
15NTG-800 in Fig. 3(e) revealed the signals of Cls, Ols, Ti2p and
N1s with binding energies of 285 eV, 530 €V, 459 €V and 400 eV,
respectively. The binding energy of 400 €V in Fig, 3(a) and (e) showed
the existence of nitrogen in NTG samples, suggesting the success-
ful N-doping of the samples. The Gaussian fitting of Cls region of
sample 15NTG-450 is shown in Fig. 3(b), where the peak at 284.3
eV is identified as the nonoxygenated carbons. This is the charac-
teristic peak of sp2 carbon (C-C) in the graphite network, repre-
senting the favorable regain of sp2 hybrid carbon after annealing.
The peak at 286.0 eV demonstrates the existence of C-N, and the
peak at 285.2 eV shows the feature of C=N group on RGO. The
nitrogen element in the NTG sample was recognized as pyridinic
N, graphitic N and pyrrolic N from the high resolution XPS anal-
ysis of N1s (Fig. 3(c)). The chemical anchoring effect produced by
the existence of C-Ti and C-O-Ti after annealing treatment guar-
anteed the uniform distribution of TiO, nanoparticles on RGO
nanosheets shown by the high-resolution XPS spectra of Cls (Fig.
3(b) and (f)) [45-48]. The agglomeration of TiO, nanoparticles and
the accumulation of RGO monolayer was hindered by the above
effect [49,50], which would offer more active sites for photocata-
lytic performance.

As shown in Table 2, atomic concentration of N1s gradually in-
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creased among samples 1 to 6. Apart from the Ti2p 1/2 peak, Ti2p
3/2 was identified as the signal of 456.2 eV. When sample 3 was
compared with sample 7, it can be deduced that the phase changed
slightly from anatase to rutile with the increasing of annealing
temperature, as also proved by the XRD analysis in Section 3.2.
For the samples annealed at 450 °C, significant characteristic peaks
appeared at lower binding energies, universally analyzed as Ti*".
This was the evidence for the existence of the major phase of Ti-N
in NTGs [51], justifying the effective N-doping of TiO,.

As shown in Table 2, atomic concentration of Ti2p slightly de-
creased when the annealing treatment temperature rose from 450 °C
to 800 °C, and the increase of Cls indicated that RGO monolayer
was more evenly distributed and closer binding to TiO, nanoparti-
cles. By comparing Fig. 3(f) with Fig. 3(b), it can be seen the peak
area of C-N and C=N obviously increased for 15NTG-800, indi-
cating that higher annealing treatment temperature could make
more nitrogen attached to RGO nano-sheets. Larger peak area of
C-O-Ti confirmed that higher annealing treatment temperature
could improve the combination of RGO and TiO,.

4. FT-IR

The functional groups on the surfaces of ONTG-450, 15NTG-
450 and 15NTG-800 were investigated by FI-IR (Fig. 4). Peaks at
512 and 791 cm™" result from the vibration of Ti-O-Ti and Ti-O-C
bonds, respectively. Small peak at 1,207 cm™" of 15NTG-450 sam-
ples corresponds to Ti-N bond, which cannot be observed in FT-
IR spectra of ONTG-450 as shown in Fig. 4(a) and reflects a little

Table 2. Atomic concentration and mass concentration characterized by XPS spectra

Atomic concentration %

Mass concentration %

No. Sample
O1ls Ti2p Nls Cls Ols Ti2p N1s Cls
1 ONTG-450 20.86 7.50 - 71.64 21.28 2391 - 54.81
2 5NTG-450 22,61 9.95 1.94 65.50 21.63 29.75 1.62 47.00
3 15NTG-450 24.65 11.26 2.02 62.07 22.79 32.53 1.63 43.04
4 50NTG-450 22.69 9.85 2.50 64.96 21.77 29.53 2.10 46.68
5 100NTG-450 22.19 9.02 2.61 66.18 21.72 27.59 223 48.52
6 500NTG-450 22.53 9.26 2.65 65.56 21.88 28.11 2.25 47.76
7 15NTG-800 21.73 9.18 1.90 67.19 21.21 28.00 1.62 49.18
(a) —— ONTG-450 by —— 15NTG-450
; —— 15NTG-800
E -~
s 3
= s
3 8
< <
Nk
Ti-O-Ti
1 . 1 . I . 1 L 1 L 1 : | it \ | L
500 1000 1500 2000 2500 3000 3500 500 1000 1500 2000 2500 3000 3500

Wavenumber (cm™)

Wavenumber(cm™)

Fig. 4. FT-IR spectra of ONTG-450 (a), 15NTG-450 and 15NTG-800 (b).
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Fig. 5. UV-vis DRS spectra (a) and plots of (¢h1)1/2 versus photon energy (hv) of P25, 15NTG-450 and 15NTG-800 (b).

offset along with increasing of annealing treatment temperature
shown as 15NTG-800 because of the introduction of nitrogen
[50]. Ti-N bond was also observed in the XRD results in Section
3.3. The peaks of C=C and C=0 on RGO surface appear at 1,630
cm ' and 1,700 cm™" separately (Fig. 4(b)). The 15NTG-450 and
15NTG-800 samples show individual peaks of N-H group on the
pyrrole ring at 3,100 cm ™. These signals appeared after nitrogen
doping, implying that the oxygen-containing groups were reduced,
which could result in the 7-7 reconstruction of 7-conjugated sys-
tem, helping to improve the separation and transport of carriers
and reduce the recombination probability of the photogenic car-
rier. Thus, the presence of N-H group confirms the mechanism
participation with the stable existent of pyrrolic nitrogen.
5. UV-vis DRS

The method of ultraviolet-visible (UV-vis) DRS was applied for
estimating the band gap of nanocomposites. The UV-vis DRS of
pristine TiO, (P25), 15NTG-450 and 15NTG-800 were exhibited
(Fig. 5). The reflectivity data was calculated on the basis of relative
reflectivity percentage to BaSO,. The P25 only responds to ultravi-
olet light and performs an absorption limit at wavelength of 400
nm. Compared to P25, the spectra of NTG samples show a red
shift of the absorption edge shown in Fig. 5(a). This allows NTG
nanocomposites to show better photocatalytic efficiency than pure
TiO, (P25), resulting from the presence of visible light motivated
photogenerated carriers [52]. A link between (ch1)1/2 and pho-
ton energy (h1) is shown (Fig. 5(b)). The band gaps reckoned from
the transformation diagram of Kubelka-Munk function are 2.91
eV of P25, 2.67eV of 15NTG-450 and 2.54eV of 15NTG-800.
The band gap is narrowed, hence the energy required for photoac-
tivation is reduced [53], which can be attributed to the N-doping
and the composition of RGO.
6. Photoluminescence Analysis

Photoluminescence (PL) analysis was used to detect electronic
energy transfer between RGO and TiO,. Because the photolumi-
nescence emission comes from the recombination of excited elec-
trons and holes under light irradiation, the higher photolumine-
scence intensity shows the separation and combination of more
photo-induced electrons and holes inside the materials. The PL
spectra of P25, 15NTG-450 and 15NTG-800 are shown in Fig. 6.
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Fig. 6. Photoluminescence spectra of P25, 15NTG-450 and 15NTG-
800.

P25 gave a broad emission peak between 400 and 550 nm. However,
the emission peak of 15NTG-450 and 15NTG-800 was quenched
significantly, meaning that anti-recombination of photoelectrons
and holes had occurred. As electron-transporting bridge and elec-
tron sink, RGO can help avoid the bulk/surface charge recombina-
tion by efficient charge separation and fast charge transportation.
This is necessary for the enhancing of photocatalysis.
7. Photocatalytic Assessment

The photodegradation performance of NTG was evaluated under
irradiation of Xenon lamp (500 W) with ultraviolet light (<400 nm)
to be cut by a UVCUT420 optical filter. MO was used as a photo-
degradable substrate. Dye degradation rate was defined as the
amount of degraded dye divide by that of the original dye after
certain time to quantitatively measure the photocatalytic activity,
as shown in Eq. (1).

D=1-C/C, )

where D is dye degradation rate at time t, C; nd C are the initial
concentration of MO and that at time t. Fig. 7 gives the photodeg-
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Fig. 7. Photodegradation performance of nanocomposites XNTG-450 (a) and 15NTG-T (b); relationship between irradiation time and In(C,/
C) deduced from the photodegradation data of xNTG-450 and 15NTG-T shown in (c) and (d).

radation performance of nanocomposites xXNTG-450. Fig. 7(a)
suggests that the degradation rate of methyl orange was only 17.00%
in 210 min for ONTG-450 nanoparticles under visible light irradia-
tion. While for 15NTG-450, the MO dye degradation rate was
49.00% in 210 min as illustrated in Fig. 6(a).

First-order kinetics fitting was often used in previous studies,

Table 3. Dye degradation rate and apparent first-order kinetics rate
constant k of xNTG-T

No Sample D,% k107 min™ lgszefgzgitl;?
1 ONTG-450 17.00 0.50 0.9916
2 5NTG-450 37.02 1.98 0.9984
3 15NTG-450 48.96 240 0.9923
4 50NTG-450 47.10 242 0.9953
5 100NTG-450  39.81 2.01 0.9923
6 500NTG-450  39.16 1.94 0.9980
7 15NTG-600 50.71 2.65 0.9938
8 15NTG-700 57.28 349 0.9979
9 15NTG-800 61.50 3.87 0.9983

and it also shows good fitting effect for first-order kinetics in this
work (Table 3). C, and C are the concentration of MO after dark
adsorption and that at time t. The kinetics of the photodegrada-
tion reaction can be illustrated using a first-order kinetics, see Eq.

).
In(Cy/C)=kt ()

where C, and C are the same as Eq. (1), and k is the apparent
first-order kinetics rate constant. Fig. 7(c) and (d) show the linear
relationship between In(Cy/C) vs. the reaction time for the corre-
sponding photocatalysts. The fitting results are summarized in
Table 3, including dye degradation rate, D after 180 min illumina-
tion under visible light and corresponding apparent first-order
kinetic rate constants. The introduction of nitrogen in NTG led to
the improvement of photodegradation efficiency. The rate con-
stant k to about 4.8 times for 15NTG-450 (which was considered
as the most efficient photocatalyst) when compared with ONTG-
450. The presence of nitrogen in the NTGs was confirmed in Sec-
tion 3.3, which will reduce the band gap, partially reconstructing
the 7-conjugated structure. These changes enhance the suitable
separation of photogenerated carriers and nitrogen-doped 77
reciprocity in NTG [54,55]. As the content of nitrogen increased,
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some of TiO, nanoparticles were wrapped by the wrinkled RGO
nanosheet, which hindered their absorption of visible light [56],
even decreasing the production of photogenerated carriers on
TiO,. This explanation could be well confirmed by photodegrada-
tion results shown in Fig. 7(a). As shown in Fig. 7(a), photocata-
Iytic efficiency obviously increased from nitrogen content of 0 mg
to 15 mg, but decreased from 15 mg to 500 mg.

Annealing temperature also shows important influence on pho-
tocatalytic efficiency, which obviously increased when the anneal-
ing treatment temperature increased from 450 °C to 800°C, as
shown in Fig. 7(b). The photodegradation rate constant k increased
to about 1.6 times of 15NTG-450 for 15NTG-800, as shown in
Fig. 7(d) and Table 3. The change of photocatalytic efficiency results
from the significant change of the crystal structure of TiO, when
the annealing treatment temperature increased from 400 to 800 °C.
Changing of crystal structure can intuitively reflect in Section 3.2.
As shown in Fig. 2(b) and Fig. 7(b), anatase phase is proved as the
main phase of photodegradation. Obviously, N-doping can enhance
sensitivity to visible light, and higher annealing treatment tem-
perature can greatly improve photodegradation efficiency:

8. Plausible Mechanism

The plausible mechanism for the photocatalytic degradation of
the organic dye is depicted in Fig. 8. Under sunlight irradiation,
NTG nanocomposite photocatalyst gets activated and electron-hole
are formed. The formed electrons transfer to conduction band (CB)
and holes are generated in the valance band (VB). However, recom-
bination of electron and hole is substantial. which drastically reduces
the photocatalytic activity in presence of only TiO,. Deposition of
TiO, nanoparticles on RGO nanosheets with the aid of annealing
treatment enhances the trapping of electrons to conduction band
in RGO nanosheets, which substantially reduces the recombina-
tion rate of electron-hole pair. The excited electrons will be released
from the surface of TiO, to the RGO nanosheets. Profiting from

Degradation

COOH OH" OH- f \
[

RGO

high electron mobility (>1,000cm® V' s7) of RGO [57], charge
separation and obstructing the electron-hole pair recombination
occur rapidly. In addition, high surface area of RGO enhances the
adsorption of organic dye on the formed NTG nanocomposite,
which in turn improves the degradation rate of dye under sunlight.

The energy level of N2p dopant is 2.48 eV below the CB of
TiO, [58]. Obviously, after visible light irradiation, the electrons in
NTG are aroused from N2p dopant energy level to CB. NH, e rad-
ical rapidly combines with carboxyl group on RGO surface for form-
ing fundamental amide group. Intramolecular dehydrolysis will
happen between the neighboring hydroxyl groups on RGO and
amide group for forming pyrrole or pyridinic nitrogen on NTG
nanocomposites where pyrrolic nitrogen plays a major reactive role
[59]. The oxygen functional groups are reduced partially after anneal-
ing treatment. On the other hand, anchoring positions of TiO, on
RGO nanosheets gives the credit to nitrogen element, which pro-
motes light induced electron transfer between them. These free
electrons related to the sp2 carbons in NTG nanocomposite can
be excited by conjugation effect with electrons in pyrrolidine nitro-
gen, thereby enhancing the photocatalytic activity [52,60].

CONCLUSION

Nitrogen-doped reduced graphene cxide/Titanium dioxide (NTG)
photocatalysts were compounded by N-doping TiO, and RGO
through sol-gel method to observe the effect of nitrogen-doping in
NTG-x during the photodegradation performance. Simultaneously,
different nitrogen content and different annealing treatment tem-
perature were adopted for achieving the respective effect of nitro-
gen-doping process of NTG-x nanocomposites during the photo-
degradation performance under visible light. XPS, FI-IR, UV-vis
DRS, XRD and TEM were used to characterize the nanocompos-
ites. The XPS signal of nitrogen element at the binding energy of

TiO,

OH

N/ Partial
Reduction
<—.
illlllCﬂl mg
treatment

Fig. 8. Schematic diagram of possible photocatalytic mechanism for photocatalytic degradation of MO dye.
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400 eV implied N-doping existing in NTG. Hence, the photodeg-
radation ability of NTG under visible light, with methyl orange as
a photodegradable object, exceeds that of ONTG-450. The fitted
apparent first-order kinetic rate constant k implied that the intro-
duction of nitrogen element increases about 2.8 times from ONTG-
450 to 15NTG-450 of the photodegradation activity and the anneal-
ing treatment further increases about 1.6 times from 15NTG-450
to 15NTG-800.
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