
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

7 
N

ov
em

be
r 

20
17

. D
ow

nl
oa

de
d 

on
 1

2/
4/

20
25

 8
:1

6:
58

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
Graphene quantu
aInstitute of Technology and Science, Tokus

Tokushima 770-8506, Japan. E-mail: jpao@

7442; Tel: +81 88 656 7442
bState Key Laboratory for Marine Corrosion

Research Institute (LSMRI), No. 149-1# Zhu
cSchool of Environment and Safety Enginee

Technology, 53 Zhengzhou Road, Qingdao 2

† Electronic supplementary informa
10.1039/c7ra07988e

Cite this: RSC Adv., 2017, 7, 51687

Received 20th July 2017
Accepted 23rd October 2017

DOI: 10.1039/c7ra07988e

rsc.li/rsc-advances

This journal is © The Royal Society of C
m dot modified g-C3N4 for
enhanced photocatalytic oxidation of ammonia
performance†

Ruiling Wang,ab Tian Xie,a Zhiyong Sun,b Taofei Pu,a Weibing Li*bc

and Jin-Ping Ao *a

In this study, graphene quantum dot (GQD) modified g-C3N4 (GQDs/CN) composite photocatalysts were

prepared. The photocatalytic ammonia degradation properties of the GQDs/CN composites were much

higher than that of pure g-C3N4. When the amount of GQDs added reached 0.5 wt% the GQDs/CN

composite showed the best performance for photocatalytic total ammonia nitrogen (TAN) removing,

and a 90% TAN removing rate was achieved in 7 hours under visible light illumination (200 mW cm�2),

which is approximately 3 times higher than that of pure g-C3N4. The increased photocatalytic property

was contributed by the photon adsorption ability and electron transfer capacity, which were improved

after GQD modification. The main photocatalytic end-product of TAN was NO3
� which is a type of

environmentally green ion. Further results indicated that the oxygen concentration and pH value of the

reaction solution were very important for the photocatalytic ammonia degradation process. A better

performance could be achieved under a higher oxygen concentration and pH value.
Introduction

Ammonia is a typical environmental pollutant which exists in
the atmosphere and water system.1,2 It is generally known that
the health of the human respiratory system, eyes and skin, and
aquatic animals can also be affected deeply by ammonia
pollution. Many techniques have been employed to treat
ammonia in wastewater and the atmosphere, e.g. adsorption,3

biological treatments,4 chemical precipitation,5 ion exchange,6

membranes,7 and photocatalytic technology.8–10

Among a series of semiconductor materials, TiO2 is a widely
considered photocatalyst for ammonia treatment due to its non-
toxicity, high chemical inertness and cost-effectiveness.11,12

However, the photocatalytic performance of TiO2 is limited by
its wide band gap (3.2 eV), which only absorbs UV light below
380 nm. In order to improve the photocatalytic property of TiO2,
doping it with impurities and combining it with other narrow
band gap semiconductors were carried out.

Although the photocatalytic ammonia treatment perfor-
mance of TiO2 has been improved, it is far from being ready for
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practical application.13 In addition, some visible-light driven
semiconductors, such as CdS14 and Bi2Fe4O9,15 have also been
investigated.

Recently, graphite-like C3N4 (g-C3N4) has been proven to be
a possible candidate in the elds of photocatalytic water split-
ting, organic pollutant degradation and ammonia degradation
under visible light illumination.16–21 Besides, some research
results have indicated that the photocatalytic performance of g-
C3N4 could be improved dramatically by energy band regula-
tion, surface modication and combination with other
semiconductors.22,23

Graphene is a typical 2Dmaterial with high electron mobility
and special optical, electronic, and mechanical properties.
Compared with 2D graphene, zero-dimensional GQDs consist-
ing of single- or few-layer graphene with a size of less than
10 nm lead to size-dependent quantum effects. Contributed to
by quantum connement and edge effects, the GQDs possess
a bandgap of less than 2.0 eV which induces the unique optical
and electronic properties of the GQDs.24,25 Recently, some works
have focused on the development of a graphene/g-C3N4

composite photocatalyst to enhance its separation capacity of
photogenerated charge carriers.26,27 However, few research has
have paid attention to graphene quantum dot (GQD) modied
g-C3N4 composite photocatalysts and the working mechanism
between the GQDs and g-C3N4 is not clear.

So, in this work, GQDs were synthesized through Hummer’s
method28 and hydrothermal treatment. Subsequently, the GQDs
were loaded onto the surface of g-C3N4 to form a GQDs/g-C3N4

composite photocatalyst. We aimed to assess the photocatalytic
RSC Adv., 2017, 7, 51687–51694 | 51687
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Fig. 1 XRD patterns of CN and GQDs/CN composites.
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ammonia oxidation performance of g-C3N4 and GQDs/g-C3N4

with a series of GQD additions. In addition, the function of the
GQDs on the surface of g-C3N4 was also analyzed.

Experimental section
g-C3N4, GQDs and g-C3N4/GQD materials preparation

Pure g-C3N4 was prepared by annealing 10 g of dicyandiamide at
520 �C (up/down rate of 10 �C per min) for 4 hours in a semi-
closed ceramic crucible with a cover. GQDs were prepared as
described in a reported method.24 In brief, GO synthesized by
Hummer’s method was dispersed in DMF with a concentration
of 27 mg mL�1. The mixture solution was ultrasonicated for
30min (120W, 100 kHz) and then transferred to a 30mL Teon-
lined autoclave to be heated at 200 �C for 8 h. Aer the hydro-
thermal reaction, we collected the brown transparent suspen-
sion and evaporated the solvents to obtain the solid GQD
sample. To prepare the g-C3N4/GQD composite materials, 0.3 g
of as-prepared pure g-C3N4 was added into 50 mL of methanol,
then ultrasonically dispersed for 30 min. Subsequently, the
GQD dispersion liquid was added into the g-C3N4/methanol
mixture (mass ratio of GQDs : g-C3N4 ¼ 0.25%, 0.5%, 1% or
2%), and continuously stirred at 40 �C until the methanol and
water were completely removed. These powders were marked as
GQDs/CN0.25, GQDs/CN0.5, GQDs/CN1 and GQDs/CN2.

Characterization

The microstructures of the prepared samples were analyzed
using a scanning electron microscope (SEM, JSM-6700F; JEOL,
Tokyo, Japan) and a eld emission transmission electron
microscope (FE-HRTEM, Tecnai G2 F20, FEI Company, USA). X-
ray diffraction (XRD, D/MAX-2500/PC; Rigaku Co., Tokyo, Japan)
was used to identify the crystalline structures of the series of
samples. The elementary composition and bonding informa-
tion of the synthesized GQDs/CN0.5 were analyzed using X-ray
photoelectron spectroscopy (XPS, Axis Ultra, Kratos Analytical
Ltd., England). A UV-visible diffuse reectance spectropho-
tometer (U-41000; HITACHI, Tokyo, Japan) was used to study
the optical absorption properties of the samples. A uorescence
spectrometer (PL, Fluoro Max-4, HORIBA Jobin Yvon, France)
was employed to record the photoluminescence (PL) properties
of the prepared materials. An IRAffinity-1S FTIR spectrometer
was employed to test the FT-IR spectra of these samples. The
BET results of these samples were obtained by a Micromeritics
TriStar 3000.

Photocatalytic oxidation of ammonia

In this section, we evaluated the photocatalytic ammonia
oxidation performances of the prepared photocatalysts by
Wang’s method.21 In brief, 0.02 g of photocatalyst was added
into 100 mL of ammonium chloride solution with a total
ammonia nitrogen (TAN) concentration of 1.5 mg L�1. The
photocatalysis reaction container was a beaker with a volume of
200 mL, and the top of the beaker was covered by a quartz plate.
The light source was a 150 W Xe arc lamp (PLS-SXE300, Beijing
Changtuo Co. Ltd., Beijing, China) with a 420 nm lter to let in
51688 | RSC Adv., 2017, 7, 51687–51694
visible light. The distance between the light source and the
liquid level was 10 cm. The light density at the liquid level was
200 mW cm�2. The concentration changes of TAN, NO2

� and
NO3

� with time were monitored by a Technicon AutoAnalyzer II
system (Bran + Luebbe, Buffalo Grove, IL).

Assessment of the photoelectrochemical and electrochemical
properties of the samples

Photoelectrochemical and electrochemical measurements were
performed in a traditional three-electrode experimental system
using a CHI 660D electrochemical workstation (Shanghai
Chenhua Instrument Co., Ltd., China). The photoelectrodes
(1 cm � 1 cm) prepared with the g-C3N4 or GQDs/g-C3N4

composites acted as the working electrodes. Ag/AgCl and Pt
acted as the reference and counter electrodes, respectively. The
photogenerated current densities with time (I–t curve) were
measured at a 0.5 V bias potential under Xe light (200 mW
cm�2) illumination (150 W Xe arc lamp, PLS-SXE300, Beijing
Changtuo Co. Ltd., Beijing, China). Electrochemical impedance
spectroscopy (EIS) tests were performed at a 0 V bias potential
over a frequency range between 104 and 10�1 Hz, with an AC
voltage magnitude of 5 mV, using 12 points/decade. All of the
tests were carried out in 0.1 mol L�1 Na2SO4.

Results and discussion

The XRD results of the CN and GQDs/CN composites are pre-
sented in Fig. 1. For curve 1a of CN, the peak at 2q ¼ 27.4 (002)
corresponds to interlayer stacking of the C3N4. Curves 1b to 1e
show the XRD patterns of the GQDs/CN composites, fromwhich
we can see the interlayer stacking peak of C3N4 and no emerging
peak, indicating that the layer structure of g-C3N4 was not
changed aer modication with the GQDs. In addition, the
characteristic diffraction peak of the GQDs does not appear on
curves 1b to 1e due to its small quantity.

Fig. 2 shows the SEM images of CN and the GQDs/CN
composites. Fig. 2A shows the surface morphology of CN,
which is a typical layered and bulk material. Fig. 2B to E present
the surface morphologies of the GQDs/CN composite materials.
This journal is © The Royal Society of Chemistry 2017
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Fig. 2 SEM images of (A) CN and the (B) GQDs/CN0.25, (C) GQDs/
CN0.5, (D) GQDs/CN1 and (E) GQDs/CN2 composites.

Fig. 3 TEM images of (A) the GQD dispersed solution; (B) the GQDs/
CN0.5 composite with low-resolution; (C) high-resolution; (D) SAED
patterns of the GQDs/CN0.5 composite.

Fig. 4 XPS results of the GQDs/CN0.5 composite (A) survey; (B) N 1s;
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Due to the small size of the GQDs, the GQDs can’t be observed
directly. However, from these images, we can discover that the
micro-morphology of CN does not change aer GQD modi-
cation. The EDS mapping of GQDs/CN0.5 is presented in
Fig. S1.† In this, the C, N and O elements can be found on the
EDS mapping and EDS spectrum (titanium is attributed to the
substrate during SEM testing), but it is difficult to distinguish
the GQDs on C3N4 by this method.

To further observe the microstructures of the GQDs and
GQDs on the surface of the CN composites, TEMwas carried out
for analysis. Fig. 3A shows the HRTEM images of the dispersed
GQD particles. The particles which were highly dispersed had
diameters of less than 10 nm. Meanwhile, the transmissivity of
the GQDs shown on this gure is high, indicating a thin
structure. Fig. 3B shows the TEM image of the GQDs/CN0.5
composite. From this image, we can see that the GQDs were
loaded on the surface of the layered CN with a high degree of
dispersion. Fig. 3C shows the high-resolution TEM image of the
GQDs/CN0.5 composite. From this, we can see that the GQDs
attached to the surface of CN tightly, indicating that a good
contact was formed between the GQDs and CN which decreased
the interface transfer barrier of the photogenerated electrons
This journal is © The Royal Society of Chemistry 2017
and holes. Fig. 3D presents the SAED patterns of the GQDs/
CN0.5 composite. The circular ring-like structure indicates the
low crystallinity of g-C3N4.

Fig. 4 shows the XPS result of the GQDs/CN0.5 composite
material. Fig. 4A shows the survey spectrum of this material.
The characteristic peaks of C 1s, N 1s and O 1s can be seen, and
the elements correspond to the components of the sample.
Fig. 4B shows the deconvoluted XPS result of the N 1s spectrum.
The core levels at 398.9 eV, 400.2 eV and 401 eV can be attrib-
uted to N (sp2), N (sp3) and C–NHx, respectively. Fig. 4C shows
(C) C 1s; (D) O 1s.

RSC Adv., 2017, 7, 51687–51694 | 51689
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the core level of the C 1s spectrum and the peaks at 284.6 eV and
288.3 eV are attributed to the C–C and N–C–N bonds, respec-
tively. The O 1 s peak is shown in Fig. 4D and the weak density of
the O 1s peak is contributed by the oxidation bond formed on
the surface of CN in the thermal poly-condensation process in
air.

The FT-IR results of CN and GQDs/CN0.5 are shown in
Fig. S2.† In the GQD composite, the peaks of the C–OH groups
on the surface of C3N4 at 1205 cm�1 and 2932 cm�1 are
decreased, meaning that the GQDs have been captured by these
surface C–OH groups by van der Waals’ forces.

Fig. 5 shows the UV-vis DRS curves of the as-prepared CN and
GQDs/CN composites in order to investigate the optical
absorption properties. From these curves, we can see that the
absorption threshold of CN and the GQDs/CN composites is
near 460 nm, which corresponds to a band gap of 2.7 eV. This
result indicates that the band gap structure of CN was not
changed aer the GQD loading. However, the light adsorption
ability of CN under 460 nm enhanced aer the GQD modica-
tion. When the content of GQDs added increased from 0.25 wt%
to 0.5 wt%, the photon absorption capacity of the CN increased
dramatically, while it decreased as the added content of GQDs
continually increased to 1 wt% and 2 wt%. This phenomenon
indicates that a small amount of GQDmodication can improve
the photon absorption capacity of CN greatly, and this change
may enhance the photocatalytic performance of CN. However,
as the added GQD content increases, it will absorb light in the
UV region by p–p conjugated bonds competing with C3N4 to
decrease the absorption capacity of the GQDs/CN composites.

As we know, aqueous ammonia exists in water equilibrated
by ionized ammonium (NH4

+) and unionized ammonia. They
are both environmental pollutants which are difficult to
remove. Photocatalytic ammonia treatment in water is a green
and energy-saving technique. Herein, for further characteriza-
tion of the photocatalytic performance of CN and the GQDs/CN
Fig. 5 UV-vis diffuse reflectance spectra of CN and GQDs/CN
composites.

51690 | RSC Adv., 2017, 7, 51687–51694
composites, photocatalytic ammonia degradation was per-
formed, and the results are shown in Fig. 6. Fig. 6A presents the
curves of the TAN removal by the CN and CN/GQD composite
photocatalysts, respectively. Before light illumination, the
mixed photocatalysts and aqueous ammonia were stirred in the
dark for 30 min to adsorption equilibrium, and the results are
shown in Fig. 6A. The concentrations at 0 hours indicate that
the CN and GQDs/CN composites don’t have an obvious
adsorption capacity for ammonium and ammonia in the dark.
Aer light illumination, CN presents a slow reaction of photo-
catalytic TAN removal, and approximately 30% of the TAN was
removed aer 7 hours of illumination.

However, compared with CN, the photocatalytic TAN
removing properties of the GQDs/CN composites increased
obviously. In addition, the added content of GQDs in the GQDs/
CN composites is a key factor for improving the TAN removing
performance. Curves 6Ab to 6Ae show that the highest TAN
removing performance was achieved when the added content of
GQDs reached 0.5 wt%, and more than 90% of the TAN was
removed aer 7 hours of visible light illumination, which is
approximately 3 times more than that of pure CN. However, as
Fig. 6 (A) Effects of the g-C3N4 and GQDs/CN composite dosage on
the photocatalytic treatment of the TAN solution. (B) Concentration
changes of TAN, NO2

� and NO3
� during the photocatalytic process of

GQDs/CN 0.5.

This journal is © The Royal Society of Chemistry 2017
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the added content of GQDs further increased, the photocatalytic
TAN removing property decreased. From Fig. 5 we can see that
the light absorption capacity of the GQDs/CN composites was
decreased, meaning that much fewer photons could be trans-
ferred to free photogenerated electrons and holes to decrease
the TAN degradation property. The BET results of the CN and
GQDs/CN composites were tested and are shown in Fig. S3.† All
of the BET curves showed typical accumulation pore. Aer the
GQD modication, the surface area of these samples did not
increase, indicating that the TAN degradation property was not
inuenced by the surface area change.

Aer the photocatalytic TAN removal process, the end-
products included inorganic NO2

� and NO3
�. NO2

� is widely
known as a toxic substance which can induce cancer in
humans. So we monitored the concentration changes of the
NO2

� and NO3
� ions during the photocatalytic TAN removing

process by the GQDs/CN0.5 composite photocatalyst, and the
results are presented in Fig. 6B. Curves 6Ba, 6Bb and 6Bc show
the concentration changes of TAN, NO3

� and NO2
�, respec-

tively, during an illumination time prolonged to 7 hours. When
the TAN concentration decreased from 1.50 mg L�1 to approx-
imately 0.10 mg L�1 in 7 hours, the concentration of NO3

�

increased from 0 to 1.35 mg L�1. At the same time, the
concentration of NO2

� merely increased from 0 to 0.11 mg L�1.
This result indicates that the main product during the photo-
catalytic TAN removing process by the GQDs/CN0.5 composite
was nontoxic NO3� ions, and the output of toxic NO2� was very
low. So this is a green method to treat ammonia and it never
produces any additional secondary pollutants.

Fig. 7 shows the stability of photocatalytic TAN removal by
the GQDs/CN0.5 composite. Every measurement cycle lasted 7 h
with new TAN (1.5 mg L�1) used for each cycle. Aer ve cycles,
the TAN removing rate remained at 82%, 8% lower than the
90% in the 1st cycle, conrming that the GQDs/CN0.5
composite is a stable photocatalyst for TAN degradation.

Generally, during the photocatalytic degradation process,
NH3 can be oxidized by cOH and h+ generated by the
Fig. 7 Repeating photocatalytic oxidation of TAN by the GQDs/CN0.5
composite.

This journal is © The Royal Society of Chemistry 2017
photocatalyst under light illumination. And the reactions can
be described as follows:21

NH3 + cOH / cNH2 + H+ (1)

cNH2 + cOH / NH2OH (2)

NH2OH + cOH / cNHOH + H+ (3)

NH3+ h+ / cNH2 + H+ (4)

cNH2 + OH� / NH2OH (5)

NH2OH + h+ / cNHOH + H+ (6)

Chemical equations (1) to (3) describe that NH3 can be
oxidized into cNHOH by cOH via three steps. In addition, NH3

can be oxidized by photogenerated holes into cNHOH directly,
as shown in chemical equations (4) to (6). Herein, we added the
scavengers 0.1 mM isopropanol, 0.1 mM BuOH (tert-butanol)
and 0.1 mM p-benzoquinone to capture the cOH, photo-
generated electrons and cO2

�, respectively (we did not add
EDTA-2Na to capture the photogenerated holes because extra
nitrogen would be introduced if EDTA-2Na was added in).29 As
shown in Fig. 8, when the cOH was captured by isopropanol, the
ammonia removing rate decreased dramatically, indicating that
cOH was the main active radical for ammonia degradation,
which accords with equations (1) to (3). In addition, aer the
photogenerated electrons were captured by BuOH, the
ammonia removing rate was slightly higher than that of the
reaction without scavengers added. As we know, the photo-
generated electrons can be changed to cOH in solution, as
shown in eqn (7) and (8),21 and then participate in the ammonia
degradation process. This phenomenon means that the pho-
togenerated electrons can inuence the ammonia degradation
process, but are not the main cause. When the cO2

� was
captured by p-benzoquinone, the photocatalytic ammonia
Fig. 8 Photocatalytic ammonia removing efficiencies of the GQDs/
CN0.5 composite in ammonia solutions containing 0.1 mM iso-
propanol, 0.1 mM BuOH (tert-butanol) and 0.1 mM p-benzoquinone,
under visible light (l > 420 nm) illumination for 7 hours.

RSC Adv., 2017, 7, 51687–51694 | 51691
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removing rate remained almost the same as that of the reaction
with no scavengers added. This means that the cO2

� did not
participate in the ammonia degradation process.

2e� + O2 + 2H+ / H2O2 (7)

H2O2 + e� /cOH + OH� (8)

cNHOH is an important intermediate for NH3 photocatalytic
degradation. Aer that, the cNHOH reacted with O2 in the
solution to form cO2NHOH, as shown in eqn (9). Subsequently,
as shown in eqn (10), the cO2NHOH reacted with OH� to
transform into NO2

�, H2O and cOH. This reaction is the key step
for NO2

� formation. In this regard, O2 is very important for
cO2NHOH production, which determines the nitrate transfer
process. So we tested the photocatalytic ammonia degradation
performance under three different conditions, including
pumping air, not pumping air and pumping nitrogen into the
reaction solution, and the results are shown in Fig. 9. From
these results, we found that by pumping air into the reaction
solution, the photocatalytic ammonia degradation performance
was better than that of the reaction without air. However, when
pumping nitrogen into the reaction solution during the pho-
tocatalytic process, the ammonia degradation performance
decreased dramatically. The above phenomenon demonstrates
that the O2 in the reaction solution is very important for
promoting eqn (9) and it improves the photocatalytic ammonia
degradation performance.

cNHOH + O2 / cO2NHOH (9)

cO2NHOH + OH� / NO2
� + cOH + H2O (10)

Chemical equation (11) is a very important reaction for the
detoxication of NO2

�, and the key factors are the oxidation
Fig. 9 Photocatalytic ammonia removing efficiencies of the GQDs/
CN0.5 composite under the conditions of air pumping, without air
pumping and with nitrogen pumping into the reaction solution during
the photocatalytic process.

51692 | RSC Adv., 2017, 7, 51687–51694
abilities of cOH and h+. As we know, for a photocatalyst the
oxidation abilities of cOH and h+ are mainly decided by its band
energy level. So, if the oxidation capacities of cOH and h+, which
are generated by the photocatalyst, are not sufficient to drive
equation (11), toxic NO2

� should be the main end-product. In
contrast, NO2

� can be oxidized to NO3
� by equations (11) and

(12). By referring to the results presented in Fig. 6, we can
conclude that the oxidation capacities of the cOH and h+

generated by the GQDs/CN 0.5 composite are sufficient to
oxidize the NO2

� to NO3
� in order to keep the end-product

environmentally green.

NO2
� + cOH / HONO2 or NO2

� + H2O + h+ / HONO2 +

H+ (11)

HONO2 / NO3
� + H+ (12)

The photocatalytic ammonia removing efficiencies of the
GQDs/CN0.5 composite under different pH values are shown in
Fig. 10. From these results, we nd that as the pH value of the
reaction increased, the photocatalytic ammonia removing
performance increased and obtained the best performance at
pH ¼ 10. As we know, aer the ammonium ions dissolved in
water, an equilibrium was established via eqn (13),

NH4
+ + OH� 4 NH3 + H2O (13)

NH4
+ ions are an inactive species for oxidation by cOH,30 so

as the OH� concentration in the reaction solution is increased,
the NH3 concentration would be increased to promote the
reaction processes of equations (1) and (4). Furthermore, as the
OH� concentration increases in the reaction solution, the
reaction processes shown in equations (5) and (10) could be
promoted to improve the photocatalytic ammonia degradation
performance.

Fig. 11A shows the photogenerated current–time (I–t) curves
of CN and the GQDs/CN composites. The I–t curve is an indirect
Fig. 10 Photocatalytic ammonia removing efficiencies of the GQDs/
CN0.5 composite under different pH values. The pH of the reaction
solution has been adjusted by 0.2 M NaOH and 0.2 M HCl.

This journal is © The Royal Society of Chemistry 2017
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Fig. 11 (A) Photogenerated current–time curves and (B) photo-
luminescence spectra of CN and GQDs/CN composites.

Fig. 12 EIS curves of g-C3N4 and GQDs/CN composites.

Fig. 13 Proposed mechanism of the photocatalytic NH3 removing
process by GQD-modified g-C3N4.
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method to assess the separation efficiency of the photo-
generated carriers. The stronger photogenerated current corre-
sponds to a higher photogenerated carrier separation efficiency
of the photocatalyst. From the I–t curves shown in Fig. 8, we can
see that the photogenerated current densities increased with
the added GQD content increasing from 0.25 wt% to 0.5 wt%.
However, the photogenerated current densities decreased with
a further increase in GQDs. This phenomenon indicates that
the GQDs possibly have a capacity to promote the separation of
the carriers, and this capacity is related to the added content of
GQDs too. Fig. 11B shows the PL spectra of CN and the GQDs/
CN composites. PL is an indirect method to reect the life-
time of photogenerated carriers, with a smaller PL peak indi-
cating a longer carrier lifetime. In Fig. 11B, GQDs/CN0.5
displays a PL peak which is weaker than that of the other
composites, indicating that this photocatalyst possesses the
longest photogenerated carrier lifetime.

As we know, graphene is an excellent material with high
conductivity. When graphene is combined with another semi-
conductor, the electron transfer ability of the semiconductor
can be enhanced greatly, so the photogenerated electrons of the
semiconductor would be shied by graphene quickly, reducing
the recombination with photogenerated holes. The conductivity
This journal is © The Royal Society of Chemistry 2017
of a semiconductor material can be assessed by an EIS method
through coating the semiconductor powder on conductive
glass. To assess the conductivity differences of the CN before
and aer GQD modication, we coated these powder photo-
catalysts on uorine-doped tin oxide (FTO) conducting glass,
and tested the EIS curves of these materials. The results are
shown in Fig. 12. From these results we can nd that the arc
resistance of CN is very large, indicating that the electron
transfer capacity of CN is very weak. However, the arc resis-
tances of the GQDs/CN composites decreased aer the modi-
cation with GQDs, and the degree of decrease enlarged with
a further increase in the number of GQDs added. This
phenomenon indicates that being analogous to graphene,
GQDs are a good conductor. So when GQDs are composited
with CN, the conductivity of the compound can be improved
efficiently, and improved continuously with an increasing
number of GQDs.

Fig. 13 shows the proposed mechanism for a photocatalytic
NH3 removing process by GQD-modied g-C3N4. When the
GQDs are loaded on the surface of the g-C3N4, the photon
adsorption capacity and electron conductivity of this photo-
catalyst are improved, meaning that more photogenerated
carriers could be formed during light illumination. In addition,
RSC Adv., 2017, 7, 51687–51694 | 51693
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the separation efficiency of the carriers could be enhanced with
an increase in the conductivity. The photogenerated electrons
would transfer from g-C3N4 to the GQDs and quickly react with
the dissolved oxygen to form cOH radicals through two steps. At
the same time, the photogenerated holes would transfer to the
surface of the g-C3N4 and oxidate OH� to form cOH radicals.
Lastly, the cOH radicals and h+ would participate in the reaction
of NH3 oxidation and transfer to inorganic NO3

� and a trace
amount of NO2

�.

Conclusion

In this article, we prepared g-C3N4 and GQD-modied g-C3N4

composite photocatalysts, and assessed the photocatalytic
ammonia degradation properties of them. The SEM, XRD and
XPS results indicated that the morphology and composition of
g-C3N4 was not changed aer the GQD modication. However,
the photon adsorption capacity and electron transfer ability of
g-C3N4 were improved aer GQD loading. The photocatalytic
NH3 degradation performance of g-C3N4 improved dramatically
aer GQD modication with an added content of 0.5 wt%. A
90% TAN removing rate was achieved aer 7 hours of illumi-
nation with this composite photocatalyst, which was approxi-
mately 3 times higher than that of pure g-C3N4. Furthermore, as
the oxygen concentration and pH value of the reaction solution
was increased, the photocatalytic ammonia degradation
performance improved. In addition, when the GQDs/CN0.5
composite served as a photocatalyst, the main photocatalytic
degradation end-product of NH3 was NO3

�, and the productive
rate of toxic NO2

� was very low. So, it is a green and highly
efficient method to treat environmental NH3 pollution.
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