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A B S T R A C T

The surface adsorption is considered to be a very important factor in photodegradation process, especially in the
removal of gaseous pollutants. In this work, nitrogen doped reduced graphene (N-GR)/TiO2 were synthesized to
probe the polarity adsorption and photodegradation characteristics of acetaldehyde (polar) and ethylene
(nonpolar). Morphology and properties of the samples were revealed by TEM, Raman spectra, photo-
luminescence spectra, photocurrent, electron spin resonance and so forth. Adsorption of flowing gas and TPD
were used to indicate the adsorption ability of the composites towards acetaldehyde and ethylene. In experi-
ments, the difference of nitrogen doping amount can adjust the polarity of N-GR/TiO2 composites efficiently and
then influence their photodegradation performance. Specifically, the N-GR/TiO2 showed higher acetaldehyde
adsorption capacity than GR/TiO2, while the GR/TiO2 possessed the highest adsorptive abilities in ethylene case.
In the subsequent photodegradation tests of flowing acetaldehyde, all of the N-GR/TiO2 samples had removal
efficiencies higher than that of GR/TiO2. The highest removal efficiency reached by the 2 N-GR/TiO2 is around
82%. In the ethylene to contrast, the removal efficiency was obtained as 93.8% by GR/TiO2, which is higher than
that of the N-doped samples. It can be seen that the high polarity samples could improve the adsorption and
photodegradation performance of polar molecules, which could propel the understanding and application of
photodegradation technologies.

1. Introduction

The removal of volatile organic compounds (VOCs) has drawn more
and more attention [1,2], since they not only can cause terrible human
disease [3,4], but also can react with NOX, SO2 and accelerate the
formation of secondary organic aerosol (SOA) as well as PM2.5 particles
through complex heterogeneous reaction [5,6]. It has been proved that
TiO2 photocatalyst can effectively remove VOCs and inhibit the gen-
eration of SOA according to a serial of photocatalytic reactions [7].
However, the unsatisfied photodegradation performance of commercial
TiO2 prevent it from being widely applied [8–11]. It was revealed that
the adsorption ability of TiO2 has an important impact on their removal
efficiency towards gas pollutants [12,13]. Furthermore, the high
flowing speed of the gas pollutants would inevitably increase the dif-
ficulty of capturing them [14,15]. After all, only the gas molecules
captured by photocatalyst surface can be oxidized and then eliminated
in the photocatalytic process [12,16,17].

So far, many efforts have been put into enhancing the adsorption

ability of the photocatalysts [18]. One way of enhancing the adsorption
of gas volatile molecules is to create more specific surface areas (SSA)
either by constructing multiple-scale microstructure [19–21] or by
coupling with other materials with high SSA [13,22,23]. Another way is
to modify the surface affinity of photocatalyst towards target molecules
according to the principle “like dissolves like”. To be specific, gas
molecules prefer to interact with the photocatalysts with a similar
structure or polarity [21,24,25]. Zahra et al. fabricated fluorine mod-
ified TiO2 (F-TiO2) nanoparticles and found that F-TiO2 could adjust the
hydrophobicity of TiO2 and better enhance the adsorption of non-polar
molecules like toluene than polar molecules such as isobutanol toluene
[26]. Thanh-Dong et al. also found that the surface of photocatalyst was
more occupied by high polar butyl acetate rather than nonpolar hexane
in the mixture stream [27]. Nowadays, the interaction between target
organic molecules and photocatalyst have drawn more and more at-
tention [28,29]. Accordingly, it is quite meaningful to reveal the po-
larity effects on the adsorption and photodegradation of typical polar
and nonpolar VOCs pollutants.
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Recently, graphene was often introduced to improve the adsorption
abilities and photon-generated electrons transmission of photocatalysts
[30–32]. In our previous work graphene was coupled with TiO2 and the
adsorption ability towards acetaldehyde and o-xylene was improved a
lot [33]. Furthermore, some researches adopted nitrogen-doping
method to obtain better photodegradation performance of graphene
composite photocatalysts [34,35]. Mou et al. [36] found that the ni-
trogen doped graphene(N-GR) could improve the efficiency of the
photoinduced charges' transfer and separation on the composite. Xu
et al. [35] proposed that nitrogen doped graphene could not only serve
as an effective electron-transfer mediator but also function as the
oxygen-reduction active sites. Most of the work about N-GR/TiO2

concentrates on the role of the nitrogen atoms play in the photo-
catalytic process. Actually, nitrogen doped graphene not only has the
great SSA but also has stronger polarity [37] and more functional
groups than graphene [38–40], which could make a difference on the
capture of VOCs. However, there are only a few attention given to the
effects of N-doped graphene on the adsorption ability of those compo-
sites.

In this work, the adsorption abilities of N-GR/TiO2 towards acet-
aldehyde and ethylene and the subsequent influences on their photo-
degradation process have been investigated systematically.
Acetaldehyde and ethylene were thought as two of the typical industrial
VOCs pollutant. They are both carcinogenic and very common in daily
life [16]. Besides, their simple structure (both possess two carbon
atoms) and different polarity make them good candidates for detecting
the influence of polarity on the adsorption and photocatalytic perfor-
mances. This work could provide a strategy for selective adsorption and
removal of VOCs pollutants.

2. Experimental

All chemical agents, including commercial TiO2 (Degussa P25,
containing 70% anatase and 30% rutile), graphite, dicyandiamide
(DCDA, purchased from Aladdin), H2SO4 (98%, Sinopharm), H3PO4

(85%, Sinopharm), hydrochloric acid (HCl, 37%, Sinopharm), KMnO4

(Alfa), H2O2 (30 wt%, Sinopharm) and ethanol (supplied by Sinopharm
Chemical Reagent CO., Ltd.) were used as received without any further
purification.

2.1. Preparation of samples

GO was synthesized by a modified Hummer's method [40]. Typi-
cally, 0.75 g natural graphite flake (Alfa) was added in 90ml H2SO4

(98%, Sinopharm) and then 10ml H3PO4 (85%, Sinopharm) was added
dropwise. The suspension was vigorously stirred in ice-water bath, the
temperature of which should be kept lower than 5 °C. Then KMnO4

(99%, 4.5 g, Alfa) was added slowly in the suspension (attention:
KMnO4 should be added carefully and slowly, otherwise, too much heat
can easily cause explosion) and the suspension was kept stirring over-
night. 10 ml H2O2 (30 wt%, Sinopharm) was further added dropwise.
After being stirred for another 12 h, the obtained bright yellow sus-
pension became dark brown. Finally，dialysis was used to move re-
mained acid and GO suspension was prepared.

N-GR/TiO2 composites were prepared by a simple heat treatment
method. Firstly, 1 g TiO2 was put into 40ml deionized water (DI) by
sonication. Then 500 μl HCl (37 wt%, Sinopharm) was added and the
suspension was stirred continuously. 10ml GO suspension (1mg/ml)
was later slowly added into TiO2 suspension. The surface potential of
GO is always negative while TiO2 gets a positive surface potential when
pH is lower than 2 [33], which is very important for the coupling of GO
with titanium dioxide. The mixed suspension was stirred for 6 h to
make sure TiO2 nanoparticles are coupled with GO completely. Then
the suspension was heated to remove HCl and get dry powder. The
powder was next washed by DI water and ethanol for 3 times. 0 mg,
10mg, 20mg, 30mg DCDA was dissolved in 20ml ethanol respectively,

followed by mixing with GO/ TiO2 powder (the samples were marked
as GR/TiO2, 1 N-GR/TiO2, 2 N-GR/TiO2, 3 N-GR/TiO2). Finally, the
powder was put into the muffle and being calcinated at 350 °C for 3 h,
with a heating rate of 5 °C/ min.

2.2. Characterization

The microstructure and morphology was revealed by transmission
electron microscopy (TEM, JEM-2100F). The X-ray diffraction (XRD)
spectra were measured using an X-ray diffractometer (Ultima IV
2036E102, Rigaku Corporation, Japan). DXR Raman Microscope
(Thermal Scientific Corporation, USA) was used to record Raman
spectra. The zeta potential was measured by Zetaplus (Brookhaven
Instruments). Specifically, 0.02 g sample was dispersed in 200ml
deionized water with ultrasonic bath for 5min. 1ml KCl solution
(1mol/L) was added into the suspension to improve the conductivity of
the suspension. HCl or NaOH solution was used to adjust the pH of this
suspension to desired values. The average value of the potential after
ten cycles was recorded.

UV− vis diffuse reflectance spectra was obtained on Shimadzu UV-
3600 spectrometer. Fourier transform infrared (FTIR) spectra was car-
ried out by a Thermal Scientific 5225 Verona Rd using KBr as reference.
Photoluminescence (PL) spectra was recorded by an Edinburgh
Instruments FLSP-920 fluorescence spectrophotometer with an excita-
tion wavelength of 320 nm. Microlab 310F scanning Auger microprobe
(VG Scientific Ltd) was used for X-ray photoelectron spectroscopy (XPS)
analysis. Photocurrent measurement was performed on a CHI 660B
potentiostat/galvanostat electrochemical analyzer with a typical three-
electrode configuration system, with the prepared samples as the
working electrode, a saturated calomel as a reference electrode, and a
platinum sheet as a counter electrode. The electrolyte was 1mol/L NaCl
aqueous solution. The transient photocurrent was recorded while the
working electrode was irradiated with a chopped illumination by a
150W xenon lamp. The JES-FA200 spectrometer was applied to detect
the electron spin resonance (ESR) signals of radicals, with the radicals
trapper 5,5-dimethyl-1-pyrroline N-oxide (DMPO). Before ESR detec-
tion, 0.02 g sample was dispersed in 1ml DI water (for •OH detection)
or ethanol(for •O2

– detection), into which pure O2 was bubbled for
10min. Then the dispersion was exposed under a 150W xenon lamp for
5min.

2.3. Adsorption and desorption detection

Temperature programmed desorption (TPD) analysis was performed
by ChemiSorb PCA-1200 (Builer, China). During the test, 0.1 g of the
sample was placed in a quartz tube, which was heated at 393 K by an
electric furnace for 1 h in high-purity nitrogen gas in order to obtain a
clean TiO2 surface. After cooling down to room temperature, acet-
aldehyde (or ethylene, respectively) flowed through the sample tube
with a rate of 20ml/min for 2 h to reach adsorption equilibrium.
Finally，the temperature was raised at a rate of 10 K/min to 873 K
under the protection of nitrogen. At the same time Thermal
Conductivity Detector (TCD) was used to detect the desorption signal of
acetaldehyde (or ethylene). Dark adsorption detection was carried out
by a real-time monitoring system, as showed in Fig. 1, which contained
three parts: gas mixer, reaction cell and gas chromatograph (CEAULI-
GHT, GC-7920) with capillary column. The real-time concentration of
the gas was recorded by GC.

2.4. Photocatalytic performance detection

Photodegradation test was carried out in the same system with dark
adsorption detection. 0.1 g photocatalyst was dispersed in ethanol and
then uniformly coated on a glass pane (15 cm×7.5 cm×3mm).
During the test, the sample coated glass pane was placed in the reaction
chamber sealed with a quartz glass. Air provided by air generator was
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mixed with target VOCs in the gas mixer and then flowed through the
reaction chamber to GC. The initial concentration of acetaldehyde was
500 ppm while the initial ethylene was 50 ppm. The flowing rate of
acetaldehyde and ethylene were both 20 sccm. The light source for
acetaldehyde was fluorescent lamp with a power of 260W while for
ethylene was Xenon lamp with a power of 500W. The dark adsorption
detection was also carried out in this system.

3. Results and discussion

3.1. Characterization of morphology and chemical composition

Fig. 2a and b show the HRTEM images of N-GR/TiO2. TiO2 nano-
particles dispersed on the N-doped graphene nanosheets homo-
geneously. The size of the nanaoparticles was around 20–30 nm in
diameter. Fig. 2b clearly shows the lattice fringe of TiO2. The inter-
planar spacing of 0.35 nm belongs to the (101) plane of anatase TiO2,
while 0.29 nm was the interplanar spacing of the (001) plane of rutile
TiO2 [41]. However, in the XRD spectra (Fig. 2c) no graphene peak or
N-doped graphene peak was shown, which was due to the fact that the
concentration of graphene (less than 1wt%) did not reach the XRD
detection limit. The characteristic diffraction line of anatase and rutile
phases had no change after the compositing treatment, meaning that
heat treatment had no influence on the crystal structure of the TiO2

nanoparticles. The FTIR spectra (Fig. 2d) revealed that the nitrogen
atoms were definitely doped in the graphene. The peaks at
592 cm−1(O-Ti-O), 1628 cm−1(C=O), 3402 cm−1(OeH) were assigned
to the pristine TiO2, GR/TiO2 and N-GR/TiO2, due to the inevitable
adsorption of CO2 and H2O molecules on the surface of the samples.
Both GR/TiO2 and N-GR/TiO2 had a peak at 2358 cm−1 (C=C), as-
signed to the carbon structure of graphene. The particular peaks of N-
GR/ TiO2 sample appeared at 2308 cm−1, 2332 cm−1, 2857 cm−1,
2924 cm−1, which were ascribed to CeN and NeH vibration peaks.

Zeta potential was used to indicate the polarity of the samples.
Fig. 3(a) showed that the 2 N-GR/TiO2 had larger absolute value of the
potential than GR/TiO2 at the same pH, which indicated that the po-
larity of the sample was improved after nitrogen doped. Raman spec-
troscopy is a powerful tool to investigate the structure of carbon ma-
terials. Fig. 3b was the Raman spectra and partial enlarged drawing of
the spectra. A decrease in the ratio of the D band (ca. 1350 cm −1) and
G band (ca. 1600 cm −1) intensities (ID/IG) was observed after the heat
treatment, indicating the effective reduction of GO and the formation of
GR/TiO2 [42]. The ID/IG of N-GR/TiO2 was higher than that of both
GO/TiO2 and GR/TiO2, due to a broken hexagonal symmetry of the
graphene structure, which could also demonstrate that N atoms were
doped in graphene sheets [43]. Interestingly, the color of the samples,

as showed in Fig. 3c, changed with the treatment method. The color of
GO/TiO2, without any heat treatment, was brown and that was mostly
the color of graphene oxide. After the heat treatment in the muffle for
3 h，the sample without DCDA became light gray, as a result of the
reduction of graphene and the loss of some GO. In contrast, the samples
with DCDA were dark gray, revealing that the nitrogen doped process
could reduce the loss of graphene in heat treatment.

XPS spectra (Fig. 4a–d) further reveals the interaction of the com-
ponents. Fig. 4b is the C1s spectra of GR/TiO2 and 2 N-GR/TiO2. The
three peaks of the C1s spectra were ascribed to sp2 bonded carbon
(CeC, 284.8 eV), epoxy (CeO, 286.5 eV), carbonyls (C]O, 288.5 eV)
[44]. Due to the fact that the binding energy of C]O and CeN are both
around 288 eV, the higher peak around 288.5 eV of 2 N-GR/TiO2 than
that of GR/TiO2 was caused by the overlay of C]O and CeN peaks.
Compared with pristine TiO2, Ti 2p spectra (Fig. 4c) of the GR/TiO2 and
2 N-GR/TiO2 both had a certain shift to higher binding energy(Ti 2p3/2
changes from 458.32 eV to 458.60 eV and 458.62 eV, respectively),
resulting from the interaction of Ti-O-C bond [45]. However, the
binding energy of Ti 2p of the GR/TiO2 and 2 N-GR/TiO2 sample almost
had no difference, disclosing that there was no direct interaction be-
tween N atoms and Ti or O atoms of TiO2. The N 1 s spectra of 2 N-GR/
TiO2 shows peaks at 401.19 eV and 399.67 eV, referring to the qua-
ternary and pyrrolic N atoms respectively. This result was in line with
the FTIR spectra. To be specific, the quaternary N atoms contribute to
CeN bonds while the pyrrolic N atoms make for NeH bonds. Since the
peak area of pyrrolic nitrogen was higher than that of quaternary ni-
trogen, it was reasonable to claim that most of the doped nitrogen
atoms were in the form of pyrrolic nitrogen. In previous work, pyrrolic
N atoms were proved to function as the oxygen-reduction active sites
and promoted the interfacial catalytic reaction while the quaternary N
atoms were effective electron mediators [35], which both facilitated the
photodegradation of the organic molecules.

3.2. Adsorption capacity of the composite

For the photodegradation of gaseous contamination, capture of the
organic molecules would be a very important step [20]. There are two
kinds of adsorption, including physical adsorption and chemical ad-
sorption. Specific surface areas indicate the physical adsorption ability
of the samples and was revealed by the BET model (Table 1) in this
work. Interestingly, the SBET decreased with the treatment of coupling.
Pristine TiO2 had SBET as large as 68.01m2/g, while that of GR/TiO2 is
55.21m2/g. For N-GR/TiO2, with the increasing of the content of ni-
trogen, SBET decreased from 50.65m2/g (1 N-GR/TiO2) to 45.29m2/g
(3 N-GR/TiO2). The reason could be that the heat treatment and DCDA
could promote the agglomeration of TiO2 nanoparticles.

Fig. 1. Real-time monitoring system for the adsorption and photodegradation.
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Diametrically opposite to the trend of SBET, the adsorption amount
of acetaldehyde increased with the presence of graphene and doping
amount of nitrogen. Fig. 5a shows real-time concentration of acet-
aldehyde in the reaction chamber. The adsorption amount of the target
gas could be calculated by the equation:

∫ ∫

∫

= × − ×

= −

( ) ( )
( )

V ν c dt ν c dt

ν c c( ) ( )

adsorption
t

t
blank

t
t

sample
t

t blank t sample

0 0

0

υ is the flowing speed of the gas and the ct is the real-time con-
centration of the reaction chamber. The enclosed area of the baseline C/
C0= 1 and the curve could indicate the amount of absorbed

Fig. 2. Morphological and structure characterization of the samples. (a) TEM image and (b) HRTEM image of selected area of 2 N-GR/TiO2 sample; (c) XRD spectra of
pristine TiO2, GR/TiO2 and N-GR/TiO2 with different doped nitrogen content; (d) FTIR patterns of pristine TiO2, GR/TiO2 and 2 N-GR/TiO2.

Fig. 3. (a) Zeta potential of 2 N-GR/TiO2 and GR/TiO2 at different pH (b) Raman spectra and (c) pictures of the TiO2, GR/TiO2, 2 N-GR/TiO2 and GO/TiO2.
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acetaldehyde. When coupled with graphene, especially nitrogen doped
graphene, the adsorption amount increased a lot. The 3 N-GR/TiO2

sample even had four times as much acetaldehyde adsorption amount
as the pristine TiO2 sample. Fig. 5c is the TPD spectra of acetaldehyde,
the area of whose peak was used to reveal the adsorption capacity of the
samples. Obviously, the desorption peak of 2 N-GR/TiO2 sample was
higher than both GR/TiO2 sample and the pristine TiO2. It was rea-
sonable to deduce that the nitrogen doped graphene could improve the
adsorption amount of acetaldehyde, arising from that the doped N
atoms could improve the polarity of graphene. Besides, the pyrrolic N
atoms could form amidogen (-NH2), a group which has affinity towards
aldehyde group (-CHO) [46,47]. Nucleophilic addition could easily
happen between amidogen and aldehyde group and yield Schiff base
[48,49]. Compared with pristine TiO2 and GR/TiO2, the desorption
peak of 2 N-GR/TiO2 showed a distinct shift to higher temperature
(about 20 °C shift), which could stem from the affinity between -NH2

and –CHO. Different from acetaldehyde, the adsorption amount of
ethylene (Fig. 5b) did not have a positive correlation with the in-
creasing amount of nitrogen in N-GR/TiO2. In fact, the higher content
of doped nitrogen in composites, the less ethylene was captured. GR/
TiO2 had the best adsorption ability towards ethylene, which was more
than 5 times of the amount of pure TiO2. The sample 3 N-GR/TiO2 al-
most had the same adsorption amount of ethylene with pristine TiO2.
Fig. 5d shows the TPD spectra of ethylene. There was not much dif-
ference between the curves of sample GR/TiO2 and 2 N-GR/TiO2. The
sample GR/TiO2 and 2 N-GR/TiO2 had three peaks at 150 °C, 250 °C
and 330 °C, while pristine TiO2 only had two peaks at 150 °C and
310 °C. It was attributed to that carbon atoms of the composition in-
troduced more adsorption sites towards ethylene. However, the doped
nitrogen atoms promoted the polarity of graphene structure, which had
negative effect on the adsorption of nonpolar ethylene molecules. From
the TPD and flowing gas detection, it was found that compared with
GR/TiO2, nitrogen doped graphene/TiO2 composites could promote the
adsorption of polar acetaldehyde while weaken the adsorption capacity
of nonpolar ethylene.

3.3. Photocatalytic performance and photoelectric properties

Fig. 6a and b show the photodegradation performance of the

Fig. 4. (a) XPS survey spectrum and (d) N1 s spectra of 2 N-GR/TiO2 composite; (b) C 1 s spectra of GR/TiO2 and 2 N-GR/TiO2 composite; (c) Ti 2p spectra of pristine
TiO2 and GR/TiO2, 2 N-GR/TiO2.

Table 1
The specific surface area of the samples calculated by BET method.

Sample TiO2 GR/TiO2 1 N-GR/TiO2 2 N-GR/TiO2 3 N-GR/TiO2

SBET(m2/g) 68.01 55.21 50.65 46.89 45.29
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samples towards acetaldehyde and ethylene. The initial concentrate of
acetaldehyde was 500 ppm and the flowing speed was 20 sccm. Both
acetaldehyde and ethylene could not be degraded by merely illumina-
tion without photocatalyst. As shown in Fig. 6a, 2N-GR/TiO2 sample
had the best photocatalytic ability towards acetaldehyde, followed by
the other N-GR/TiO2 samples. All the N-GR/TiO2 samples had removal
efficiencies higher than 72%, better than that of GR/TiO2 (about 70% at
a stable state). The highest removal efficiency reached by the 2 N-GR/
TiO2 was around 82%, with twice enhancement than that of pristine
TiO2. The GR/TiO2 sample also reached a degradation efficiency of
70.6%, since the coupling of graphene could improve the separation of
electrons and holes, as well as the adsorption of pollutant molecules.
However, too much dopant did not result in best photodegradation
ability. The 3 N-GR/TiO2 had lower photodegradation ability than 2 N-
GR/TiO2 and 1 N-GR/TiO2. The removal efficiency of ethylene were
also detected under Xenon lamp (Fig. 6b). Since breaking the car-
bon‑carbon double bond (C=C) needs higher energy [50–52], the
Xenon lamp with similar emitting spectrum to sunlight and greater light
intensity was used for ethylene degradation. Initial concentration of
ethylene was 50 ppm and the flowing speed was 20 sccm. The highest
removal efficiency of ethylene was 93.8% by GR/TiO2, almost double
that of pristine TiO2 (50.1%). All N-GR/TiO2 samples showed

photodegradation efficiency around 90%, lower than that of GR/TiO2.
Comparing the adsorption and removal efficiency of acetaldehyde and
ethylene, conclusion could be drawn that doped nitrogen atoms could
promote the removal efficiency of polar molecules by improving the
adsorption of them.

Considering the adsorption and photocatalytic ability of the sam-
ples, the photoelectric properties and the yield of radicals were used to
further unravel the background mechanism. UV–vis absorption and
photoluminescence (PL) spectra were used to detect the utility effi-
ciency of photo energy. The former revealed the adsorption of the in-
cident light and the latter unraveled the combination of the photo-
generated carriers. From Fig. 7a and b, an improvement of UV–vis
absorption and a reduction of PL intensity were observed with the ad-
dition of graphene and nitrogen doped graphene, which could be at-
tributed to that graphene and N-doped graphene acted as photoelectron
acceptors, preventing the electrons and holes from recombination. The
photocurrent response showed that the GR/TiO2 sample had the highest
current density(15.47 μA/cm2), which was about twice higher than that
of pristine TiO2 (5.42 μA/cm2). The photocurrent response of all N-GR/
TiO2 samples were lower than that of the GR/TiO2 while higher than
that of pristine TiO2, which was different from the previous work
[34,36,53,54]. This phenomenon could be explained by Ferrighi's

Fig. 5. Adsorption of flowing (a) acetaldehyde and (b) ethylene detection; TPD spectra of (c) acetaldehyde and (d) ethylene. The flowing rate of acetaldehyde and
ethylene was both 20 sccm. Initial concentration of acetaldehyde was 500 ppm while initial concentration of ethylene is 50 ppm.
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calculation that the doped nitrogen atoms provided extra electron to fill
the delocalized p band of graphene and N-GR/TiO2 had higher Fermi
level than GR/TiO2 [55]. The band gap between the conduction band
and the valence band could be opened by the doped nitrogen atoms
[38,39]. It would be harder for the photoelectrons on TiO2 to transfer to
N-doped graphene. Besides, the high content of pyrrolic nitrogen in-
dicated that the integrity of graphene had been broken, which would
reduce its electrical conductivity and diminish the photocurrent re-
sponse of N-GR/TiO2 samples. Since more doped nitrogen amount
leaded to the larger bandgap of N-GR and more severe destruction of
the graphene structure, when the doping amount of nitrogen atoms
increased, the photocurrent intensity decreased (Fig. 7c).

Electron spin resonance (ESR) was used to detect the production of
the active species such as hydroxyl radical (·OH) and superoxide radi-
cals (·O2

−). To the best of our knowledge, ESR signal is usually detected
in liquid phase [56], where there are little oxygen molecules. In order
to get near to the air environment, oxygen was bubbled into the su-
pension of the sample. Unlike the photocurrent graph, the strongest
signal of both ·O2

– and ·OH– occurred in 2 N-GR/TiO2 sample, which
was much higher than that of the GR/TiO2 sample (Fig. 8). There is
almost no signal of ·OH and the weakest ·O2

– on the pristine TiO2, since
electrons and holes are easy to combine on the TiO2 surface, leading to
low production of active species [57]. The inconformity of photocurrent
and ESR signals could be attributed to two mutual suppression factors.
On one hand, more doped nitrogen atoms mean more terribly broken
graphene structure and more enlarged band gap, as a result of which
less photoelectrons could transfer to the N-G successfully. On the other
hand, the increased amount of doped N atoms would be quite favorable
for O2 adsorption [58] and electrons were more likely to transfer to
oxygen molecules to generate ·O2

– on the N atoms [55]. In other words,
although the 2 N-GR/TiO2 sample was not the one that had the most
electrons transferring to N-G, it was the sample that most of the photo-
induced electrons combined with oxygen molecules and yielded most
active radicals.

3.4. Mechanism of enhanced adsorption and photocatalytic activity

On the basis of the holistic detection, a proper mechanism was
proposed to explain the improvement of photocatalytic performance.
Photocurrent, PL spectra and radicals detection could confirm that the
recombination of the photogenerated charges of TiO2 were prevented

by coupling with nitrogen doped graphene. Besides, more active radi-
cals including ·O2

– and ·OH were yielded on the sample of 2 N-GR/TiO2.
Most importantly, the adsorption ability was greatly improved by
coupling with a certain ratio of nitrogen doped graphene.

Adsorption process was the first step. As shown in Fig. 9a, for the
pristine TiO2, both adsorption and oxidation were very slow, arising
from the poor ability of capturing pollutants and low yield of active
radicals. When coupled with graphene, organic molecules were inclined
to adhere on the surface of the composite, resulting a promotion in the
adsorption efficiency. Interestingly, the outstanding adsorption ability
did not come from higher specific surface area (SBET) of the two di-
mensional structure of graphene. The improved adsorption capacity for
acetaldehyde could be explained from two aspects: on one hand, the
doped nitrogen could improve the polarity of graphene [37,59], which
lead to more polar molecules captured by electrostatic force; on the
other hand, the amidogens formed on pyrrolic nitrogen atoms had
strong affinity to aldehyde groups. In contrast, the N-GR/TiO2 had no
advantage over GR/TiO2 in adsorption of ethylene since ethylene has
no polarity. Totally, introduction of graphene could improve the ad-
sorption of organic molecules and improving polarity of graphene could
further promote the adsorption of polar organics.

In the photodegradation process, as shown in Fig. 9b, electrons of
the valance band adsorb the energy of photons and jump to the con-
duction band [60], and then transfer to the surface of graphene or ni-
trogen doped graphene [61]. The quaternary nitrogen atoms act as
electrons transferring medium and the pyrrolic nitrogen atoms serve as
the actives sites [62], where oxygen atoms get electrons and yield super
oxygen radicals. The remained holes on TiO2 react with adsorbed water
molecules and produce hydroxide radicals [30,63]. When the organic
molecules are captured by the photocatalyst, acetaldehyde is firstly
oxidized into acetic acid and then into carbon dioxide and water
[15,33], the leading radicals are mainly •O2

– [14,15]. In the ethylene
photodegradation process, the whole reaction is more caused by •OH
[64]. Ethylene is firstly oxidized into formaldehyde and then under the
cooperation of •OH and •O2

– into CO2 and H2O. Since •O2
– does not

make the leading influence on the degradation of ethylene [65,66], it is
reasonable for the N-GR/TiO2 composites, while produce more super
oxide radicals, show lower photocatalytic ability in the removal of
ethylene than that of GR/TiO2 composite.

Fig. 6. photodegradation efficiency of the samples towards (a) acetaldehyde and (b) ethylene. Initial concentration of acetaldehyde was 500 ppm, while initial
concentration of ethylene was 50 ppm. Flowing speed of them were both 20 sccm.
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Fig. 7. (a) UV–Vis adsorption spectra and (b) photoluminescence spectra, (c) photocurrent response of pristine TiO2 and GR/TiO2, 1 N-GR/TiO2, 2 N-GR/TiO2, 3 N-
GR/TiO2.

Fig. 8. (a) superoxide radicals (·O2
−) and (b) hydroxyl radical (·OH) detection of pristine TiO2 and GR/TiO2, 1 N-GR/TiO2, 2 N-GR/TiO2, 3 N-GR/TiO2.
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4. Conclusions

In this work, nitrogen doped graphene/TiO2 nanocomposites were
synthesized by a simple heat treatment method. The properties of the
composites were strongly influenced by doped nitrogen atoms.
Attention was paid to the adsorption ability and the photocatalytic
performance of the composites. Compared with pristine TiO2 and GR/
TiO2, the N-GR/TiO2 showed superior acetaldehyde adsorption ability
and photocatalytic degradation efficiency, among which the 2 N-GR/
TiO2 sample showed the best photocatalytic performance. Different
from acetaldehyde, adsorption capacity and removal efficiency towards
ethylene reached the highest on the sample of GR/TiO2 rather than N-
GR/TiO2. The reason could be assigned to two main aspects. For one
reason, the polarity of graphene was enhanced by the doped nitrogen
atoms. The polar molecules such as acetaldehyde preferred to adhere to
polar structure (N-GR/TiO2) while nonpolar molecules such as ethylene
tended to be adsorbed to nonpolar structure (GR/TiO2), which was
demonstrated by adsorption of flowing gas and TPD graph. Besides, the
amidogen introduced by pyrrolic nitrogen was conductive to the ad-
sorption of acetaldehyde molecules while of no help to the adsorption

of ethylene. For another reason, nitrogen doped graphene could provide
sites for oxygen adsorption and could yield more ·O2

−, which are im-
portant oxidizing agents for the degradation of acetaldehyde, whereas
in the photodegradation of ethylene ·OH plays the crucial role. This
work not only casts sight on the importance of adsorption for the
photodegradation process, but also reveals that polarity plays a sig-
nificant role on the adsorption of organic molecules.
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