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A B S T R A C T

Developing novel heterojunction photocatalysts is a powerful strategy for improving the separation
efficiency of photogenerated charge carriers, which is attracting the intense research interest in
photocatalysis. Herein we report a highly efficient hetero/nanojunction consisting of Ag2CO3

nanoparticles grown on layered g-C3N4 nanosheets synthesized via a facile and template free in situ
precipitation method. The UV–vis diffuse reflectance studies revealed that the synthesized Ag2CO3/g-
C3N4 hetero/nanojunctions exhibit a broader and stronger light absorption in the visible light region,
which is highly beneficial for absorbing the visible light in the solar spectrum. The optimum
photocatalytic activity of Ag2CO3/g-C3N4 at a weight content of 10% Ag2CO3 for the degradation of
Rhodamine B was almost 5.5 and 4 times as high as that of the pure Ag2CO3 and g-C3N4, respectively. The
enhanced photocatalytic activity of the Ag2CO3/g-C3N4 hetero/nanojunctions is due to synergistic effects
including the strong visible light absorption, large specific surface area, and high charge transfer and
separation efficiency. More importantly, the high photostability and low use of the noble metal silver
which reduces the cost of the material. Therefore, the synthesized Ag2CO3/g-C3N4 hetero/nanojunction
photocatalyst is a promising candidate for energy storage and environment protection applications.

ã 2015 Elsevier Ltd. All rights reserved.

Introduction

Sunlight is an ideal and natural resource of energy and
converting sunlight into chemical energy, mimicking what nature
does, has been considered as a most promising and sustainable
approach to meet the global energy demands and overcome their
associated environmental issues [1–3]. So, one of the major
scientific challenges of researchers is to target a novel and efficient
semiconductor photocatalysts for H2 generation from water
splitting and degradation of organic pollutants in wastewater
through photocatalysis. Although traditional semiconductor pho-
tocatalysts such as TiO2 and ZnO have been extensively studied for
such a purpose, they exhibit appreciable photocatalytic activity
only under UV light (2–4% of the solar spectrum), which greatly
limits the practical application for solar energy conversion [4,5].
Therefore, the current research in the field of photocatalysis mainly
focuses on search for active photocatalytic materials with band gap

corresponding to the energy of visible light for efficient utilization
of sunlight.

To date, a series of visible light responsive photocatalysts have
been reported. In particular, silver-based semiconductors, among
numerous photocatalysts, have attracted much attention for their
high visible light activity [6–8]. Yi et al. reported a novel Ag3PO4

photocatalyst with enhanced photocatalytic activity for water
splitting and decomposition of organic contaminants under visible
light irradiation [9]. However, Ag3PO4 readily decomposes
photochemically if no sacrificial reagent is involved. Kato et al.
reported that AgNbO3 exhibits high photocatalytic activity for H2

evolution from water splitting under visible-light irradiation in the
presence of sacrificial reagents [10]. Hu et al. reported a monoclinic
Ag3VO4 with enhanced visible light photocatalytic activity for the
degradation of organic pollutant acid red B [11]. As a new silver-
based semiconductor photocatalyst, Ag2CO3 has been reported to
exhibit highly efficient degradation capability for various organic
pollutants including Rhodamine B, methylene blue and methyl
orange [12,13]. Unfortunately, the aforementioned silver-based
photocatalysts are photochemically unstable because they readily
undergo photo-corrosion during photocatalysis process, which can
seriously deactivate the photocatalysts. Dai et al. investigated that
the photo-corrosion of Ag2CO3 could be efficiently inhibited by
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using silver nitrate as an electron acceptor in the photocatalytic
process [14]. Very recently, Yu et al. reported that Ag2O/Ag2CO3

heterostructure exhibited much higher photocatalytic activity and
stability than the pure Ag2CO3 [15]. In this sense, the promotion of
the photocatalytic activity and stability become an urgent task for
these silver-based semiconductor photocatalysts.

Recently, an organic and metal-free polymeric graphitic carbon
nitride (g-C3N4), which is the most stable allotrope of all carbon
nitride materials under ambient conditions, has attracted consid-
erable attention due to its unique properties such as thermal
stability, reliable chemical inertness, non-toxicity, easy modifica-
tion and outstanding electrical property [16,17]. As a new class of
polymeric visible light driven photocatalysts with suitable band
gap (2.7 eV), g-C3N4 can be easily synthesized via one step
polycondensation of cheap and easily available precursors like
melamine, urea, thiourea, cyanamide and dicyanamide [17–19].
Owing to its special properties, g-C3N4 has been explored as a
“sustainable” photocatalyst, which exhibits high photocatalytic
performance for photo-electrochemical conversion, hydrogen
generation from water splitting and degradation of organic
pollutants under visible light irradiation [20]. Nevertheless, the
relatively low quantum efficiency of pure g-C3N4 still limits its
practical application due to the high recombination rate of
photogenerated electron–hole pairs and low specific surface area
[20,21]. To resolve this problem, many attempts have been made to
improve the photocatalytic performance of g-C3N4, such as
combining with conductive materials (graphene, CNTs) for faster
charge transfer, constructing heterojunction with other semi-
conductors (Ag3PO4, ZnO, Fe3O4) for effective charge separation, or
loading cocatalysts (Au, Fe) to trap the photo-excited electrons
[21–27].

Construction of semiconductor heterojunctions by combining
two different catalysts with suitable conduction and valence bands
is one of the effective approaches to enhance the generation and
separation efficiency of photo-induced electron–hole pairs during
the photocatalytic process [28,29]. It is well accepted that interface
properties of heterojunctions are critical for determining the final
photocatalytic activity of the system. In general, interface
properties can be attributed to two important aspects. First, the
lattice match between the two components, which is the essential
for fabricating semiconductor heterojunctions and the other, is the
suitable valence and conduction band levels, considered to be the
foremost and fundamental requirement for charge transfer and
separation at the hetero-structured interfaces [28,30].

Inspired from this, we report the fabrication of hetero/nano-
junction between Ag2CO3 nanoparticles (NPs) and g-C3N4 nano-
sheets via a facile and template free in situ growth fabrication
method for improved charge transfer and separation at the hetero/
nanojunction interface. Interestingly, the Ag2CO3/g-C3N4 hetero/
nanojunctions exhibit a remarkably enhanced photocatalytic
performance for the degradation of Rhodamine B and 4-
chlorophenol under sunlight irradiation. Moreover, the kinetics
and the possible photocatalytic mechanism of the Ag2CO3/g-C3N4

hetero/nanojunction related to the band positions of the two
semiconductors were also discussed in detail. However, the reports
on g-C3N4/Ag2CO3 composite materials for other groups which
only focus on formation of bulk heterostructure of g-C3N4/Ag2CO3

with poor interface at the heterojunction and low surface area
[31,32]. Unfortunately, in these reports a small amount of g-C3N4

being introduced on Ag2CO3 material, which made them as
Ag2CO3-based materials, resulting in high usage of the noble metal.
In the present study, we focus on g-C3N4 nanosheet of high surface
area based materials by forming a heterostructure with minimum
amount of Ag2CO3 and maximum activity which significantly
reduces the use of the noble metal silver, thereby effectively
reducing the cost of the material. Therefore, the better

heterostructure of low noble metal based material with high
surface area showed an improved photocatalytic performance over
these reports from the literature.

Experimental

Materials

Silver nitrate (99.9%), Rhodamine B (95.0%) and Melamine
(99.0%) were purchased from Sigma–Aldrich. Sodium bicarbonate
(99.5%) and 4-chlorophenol (98%) were obtained from Sisco
Research Laboratories Pvt., Ltd., Ammonium oxalate, terephthalic
acid, and tert-butyl alcohol were analytically pure and purchased
from Merck chemicals. All other reagents were used without
further purification.

Method

Synthesis of g-C3N4 nanosheets
The pure g-C3N4 nanosheets were synthesized according to a

procedure described in our previous paper [27]. Briefly, melamine
was placed in an alumina boat and heated at 550 �C for 2 h under a
N2 atmosphere with a slow ramp rate to get a bulk g-C3N4. Then the
bulk g-C3N4 was subjected to a liquid exfoliation in water to
synthesize g-C3N4 nanosheets. In detail, 0.1 g of bulk g-C3N4

powder was dispersed in 250 mL water and then ultrasonicated
overnight. The formed suspension was heated at 100 �C to remove
water and the resulting pale yellow colored g-C3N4 nanosheets are
denoted as CN.

Synthesis of Ag2CO3 nanoparticles
The Ag2CO3 sample was synthesized by a simple ion exchange

method. In a typical procedure, 40 mL of silver nitrate aqueous
solution (0.1 M) was placed in a beaker and an aqueous solution of
sodium bicarbonate (0.05 M) was added dropwise under stirring
condition at room temperature. After continuous stirring for 24 h,
the obtained yellowish green precipitation was collected by
centrifugation and washed with double distilled water followed
by ethanol for several times. Then the product was dried in an oven
at 80 �C for 2 h and the resultant Ag2CO3 sample was named as
AGCO.

Synthesis of Ag2CO3/g-C3N4 hetero/nanojunction
For the synthesis of the Ag2CO3/g-C3N4 hetero/nanojunction,

we have employed an in situ growth strategy. In a typical
procedure, an appropriate amount of g-C3N4 nanosheets was
ultrasonicated in 50 mL of water for 2 h. To this suspension, 0.85 g
of silver nitrate was added and stirred for 30 min at room
temperature. Subsequently, 50 mL of 0.05 M sodium bicarbonate
aqueous solution was added dropwise and stirred for 24 h. The
obtained precipitation was centrifuged, washed with water and
ethanol and finally dried at 80 �C for 2 h. A series of Ag2CO3/g-C3N4

hetero/nanojunctions were synthesized with different weight
ratios of Ag2CO3 and 5, 10 and 20 wt% Ag2CO3 samples are denoted
as AGCOCN-5, AGCOCN-10 and AGCOCN-20, respectively.

Material characterization

X-ray diffraction (XRD) measurements were recorded at room
temperature using a Bruker AXS D8 Advance X-ray diffractometer
with Ni filtered Cu Ka radiation (l = 1.5406 Å). Zeta-potential
measurements were carried out on a Malvern Zetasizer NANO ZS
analyzer. Fourier transform infrared (FT-IR) spectra were con-
ducted using a PerkinElmer Spectrum 100 FT-IR spectrophotome-
ter in the frequency range 4000–400 cm�1 with a resolution of
4 cm�1. The diffuse reflectance absorption spectra (DRS) of the
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samples were recorded in the range from 220 to 800 nm using a
THERMO Scientific Evolution 600 diffuse reflectance spectropho-
tometer equipped with an integrated sphere, and BaSO4 was used
as a reference. Transmission electron microscopy (TEM) measure-
ments were made on a JEOL JSM-6700F transmission electron
microscope with an accelerating applied potential of 200 kV. The
elemental composition of the samples was analyzed using an
energy dispersive spectrometer (EDS) (OXFORD Instruments,
INCAx-act). The Brunauer–Emmett–Teller (BET) surface area and
pore volume were measured on a Quanta chrome NOVA 1200e
analyzer at liquid nitrogen temperature. The photoluminescence
(PL) measurements were conducted using a TSC Solutions F96pro
fluorescence spectrophotometer with an excitation wavelength of
365 nm.

Evaluation of photocatalytic activity

Rhodamine B (RhB), a widely used dye, was selected as a
representative colored pollutant and 4-chlorophenol (4-CP) as a
colorless model pollutant to examine the photocatalytic activity of
the synthesized samples under sunlight irradiation. The sunlight
driven photocatalytic experiments of the synthesized samples
were conducted in June 2014 at NIT Warangal, where the
fluctuation of the sunlight intensity is minimal during this month.
In a typical procedure, an aqueous solution of RhB or 4-CP (250 mL,
5 mg L�1) was placed in a reaction vessel, and then 0.1 g of
photocatalyst was added. Prior to irradiation, the suspensions were
agitated in the dark for 30 min to ensure adsorption-desorption
equilibrium at room temperature. During the irradiation, about
5 mL of the suspension was periodically withdrawn from the
reaction cell at given time intervals, and then centrifuged to
remove the photocatalyst. Subsequently, the solutions were
analyzed by recording variations at the wavelength of maximal
absorption in the UV–vis spectrophotometer. A blank test was also
conducted on an aqueous RhB or 4-CP solution without catalyst
under sunlight irradiation, i.e., photolysis of RhB, to explore the
degradation efficiency of the photocatalyst.

Analysis of reactive species

The effect of reactive species on the degradation of RhB over
Ag2CO3/g-C3N4 photocatalysts was examined to understand the
photocatalytic reaction mechanism. The detection process for
reactive species was similar to the photocatalytic degradation
process. However, prior to addition of photocatalyst, suitable
scavenger was added to the RhB aqueous solution. Moreover, the
generation of hydroxyl radicals (�OH) on the surface of sunlight
irradiated photocatalyst was examined by the PL technique using
terephthalic acid (TA) as a probe molecule. The �OH generated in
the system can readily react with TA and produce 2-hydroxyter-
ephthalic acid (TAOH), the PL intensity of which is directly
proportional to the generated �OH [33]. In a brief experimental
procedure, 0.1 g of Ag2CO3/g-C3N4 catalyst was dispersed in 100 mL
of a mixture of a 5 �10�4mol L�1 aqueous TA solution and a

2 � 10�3mol L�1 NaOH solution. Then, the resulting suspension
was magnetically stirred and exposed to sunlight. At every 5 min
intervals, the suspension was collected and centrifuged to measure
the maximum PL intensity using fluorescence spectrophotometer
with an excitation wavelength of 365 nm.

Electrochemical impedance spectroscopy (EIS) and photocurrent
measurements

EIS and photocurrent measurements of the synthesized photo-
catalysts were performed in a three electrode quartz cell system
using an electrochemical workstation (Model: IM6e, ZAHNER,
GmbH, Germany). Platinum wire was used as the counter electrode
and Ag/AgCl (3 N KCl) electrode used as the reference electrode.
The synthesized photocatalyst was served as the working
electrode. EIS experiments were conducted at an open circuit
potential over the frequency range between 10 mHz and 100 kHz
with a sinusoidal ac perturbation of �5 mV and 10 mM K3[Fe(CN)6]
containing 0.1 M KCl solution was used as the electrolyte. The
photocurrent response of the photocatalysts was investigated for
several on–off cycles of irradiation by an Xe arc lamp through a
UV-cutoff filter. Na2SO4 (0.01 mol L�1) aqueous solution was used
as the electrolyte. The preparation procedure of working electrodes
was as follows: 10 mg of the synthesized photocatalyst was mixed
with 1 mL of double distilled water to make slurry. Then, the
obtained slurry was dripped into an indium tin oxide (ITO) glass
with 1 cm � 0.5 cm area. Finally, the electrode was dried at 120 �C
for 1 h.

Results and discussion

In situ growth strategy

In the present work, we report an in situ growth strategy for the
synthesis of Ag2CO3/g-C3N4 hetero/nanojunctions, which is widely
used to synthesize a variety of graphene based composites and
other organic–inorganic based hetero/nanojunctions [25,34].
Silver nitrate was used as a precursor for Ag2CO3. At the early
stage of the reaction process, silver nitrate was mixed with
ultrasonically dispersed g-C3N4 nanosheets and silver ions from
the silver salt were strongly bound to the g-C3N4 nanosheets via
electrostatic interactions as shown in Scheme 1. Furthermore,
silver ions were converted into Ag2CO3 NPs due to ion exchange
process after the addition of sodium bicarbonate as a precipitating
agent at room temperature. To minimize the surface energy, the
synthesized Ag2CO3 NPs led the hetero/nanojunction at the
interface of the g-C3N4 and Ag2CO3 in the resulting composite
system. Consequently, a strong hetero/nanojunction was success-
fully constructed between Ag2CO3 NPs and g-C3N4 nanosheets via
electrostatic interactions. However, these electrostatic interactions
were confirmed from a shift in the zeta-potential of g-C3N4

dispersions in water after the formation of hetero/nanojunction
with Ag2CO3 from negative to positive surface charges from
�28.2 to +30.5 mV (Fig. S1).

Scheme 1. Schematic representation of the in situ deposition of Ag2CO3 NPs on a g-C3N4 nanosheet.
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Characterizations of the Ag2CO3/g-C3N4 hetero/nanojunctions

XRD studies were carried out to investigate the phase structure
and crystalline nature of the synthesized samples. The results (as
shown in Fig. 1.) indicate that the diffraction peak at 27.5�, which is
indexed as 002 plane in pure g-C3N4 and Ag2CO3/g-C3N4 samples is
due to the interlayer stacking of the conjugated aromatic systems,
corresponding to an interlayer distance of d = 0.332 nm [26,35]. The
pure Ag2CO3 displays sharp diffraction peaks at 2u values of 18.56�,
20.54�, 32.61�, 33.67�, 37.08�, 39.59� and 51.38� correspond to the
planes of 020, 110, �101, �130, 200, 031 and 150, respectively,
which can be indexed to the monoclinic phase of Ag2CO3 (JCPDS
No. 26-0339). Moreover, no impurity peaks are detected, indicating
the formation of pure monoclinic structure Ag2CO3. The sharp and
intense diffraction peaks also indicates the good crystalline nature
of Ag2CO3. The XRD patterns for Ag2CO3/g-C3N4 samples exhibited
diffraction peaks corresponding to both Ag2CO3 and g-C3N4,
reflecting the existence of two phases.

The UV–vis DRS was performed to justify the light harvesting
ability of the synthesized samples before and after the formation of
the hetero/nanojunction. As shown in Fig. 2a, the synthesized pure
Ag2CO3 has an absorption edge at around 540 nm. The high visible
light absorption of Ag2CO3 results from intrinsic transition
between the valence band and the conduction band, rather than
the transition from the impurity to the conduction band [14]. The

pure g-C3N4 sample shows photo-absorption in the UV and visible-
light regions, and the wavelength of the absorption edge is 465 nm.
More interestingly, the absorption intensities of all the Ag2CO3/g-
C3N4 hetero/nanojunctions were shown a significant enhancement
at the wavelength range of 450–800 nm compared with g-C3N4 and
Ag2CO3. These results clearly demonstrating that the bonding
interaction can effectively decrease the contact barrier and
strengthen the electronic coupling of g-C3N4 and Ag2CO3, leading
to the strong light absorption of Ag2CO3/g-C3N4 hetero/nano-
junctions at longer wavelengths. The band gap energies of AGCO,
CN and AGCOCN-10 were calculated to be 2.32, 2.75 and 2.15 eV,
respectively, according to the Kubelka–Munk functions against the
photon energy. The decreased energy gaps of the hetero/nano-
junctions reveal the enhanced visible light absorption and thus
result in the generation of more photogenerated electron–hole
pairs under sunlight irradiation, which subsequently leads to a
higher photocatalytic activity [24,36].

Fig. 2b shows the FT-IR spectra of the synthesized pure Ag2CO3,
g-C3N4 nanosheets, and Ag2CO3/g-C3N4 hetero/nanojunctions. The
representative absorption bands of pure g-C3N4 could be found at
1571, 1415, 1326 and 1244 cm�1 are assigned to the stretching
modes of aromatic C��N heterocycles, and the broad absorption
band at 3170 cm�1 corresponds to the stretching vibrational modes
of residual N��H components associated with uncondensed amino
groups [27,37]. Additionally, the sharp characteristic peak at
808 cm�1 originates from s-triazine ring system. For pure Ag2CO3,
the peaks appearing at 1386 and 887 cm�1 are attributed to the
characteristic absorption bands of CO3

2� [38]. Moreover, the broad
absorption bands observed in all the samples in the range
2800–3450 cm�1 correspond to the stretching vibrations of
O��H groups in the physically adsorbed H2O molecules. Neverthe-
less, the FT-IR spectra of Ag2CO3/g-C3N4 hetero/nanojunctions are
similar to those of the main peaks of pure g-C3N4 and Ag2CO3 as
shown in Fig. 2b . Interestingly, the absorption bands of Ag2CO3/g-
C3N4 hetero/nanojunctions are shifted to a lower wavenumber, and
the intensity of these absorption bands was slightly decreases in
Ag2CO3/g-C3N4 hetero/nanojunctions. This phenomenon suggests
the strong interactions between Ag2CO3 and g-C3N4 nanosheets in
Ag2CO3/g-C3N4 hetero/nanojunction system. Based on the above
observations, it can be confirmed that Ag2CO3/g-C3N4 hetero/
nanojunction with close interfacial connections between g-C3N4

and Ag2CO3 was achieved, and these connections may serve as
electron migration paths to promote the charge separation, and
induce a synergistic effect for an improved photocatalytic activity
[39].

The morphology and surface structure of the synthesized
Ag2CO3/g-C3N4 hetero/nanojunctions were investigated by TEM
analysis. As shown in Fig. 3(a) and (b), AGCOCN-10 sample
exhibited a porous sheet like morphology. Interestingly, Ag2CO3

Fig. 1. XRD patterns of the synthesized pure Ag2CO3, g-C3N4 nanosheets and
Ag2CO3/g-C3N4 hetero/nanojunctions: (a) CN, (b) AGCOCN-5, (c) AGCOCN-10, (d)
AGCOCN-20 and (e) AGCO.

Fig. 2. UV–vis DRS patterns (a) and FT-IR spectra (b) of the synthesized pure Ag2CO3, g-C3N4 nanosheets and Ag2CO3/g-C3N4 hetero/nanojunctions.
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NPs were successfully deposited on the surface of the g-C3N4

nanosheets by the in situ growth mechanism. The size distribution
of the Ag2CO3 NPs on g-C3N4 nanosheets was presented in Fig. S2.
The average size of the Ag2CO3 NPs was found to be around 15 nm
and these NPs were approximately spherical in shape and well
dispersed on the g-C3N4 surface as shown in Fig. 3c . These results
are in good agreement with the XRD observations. In addition,
energy dispersive spectroscopy (EDS) was carried out to determine
the chemical composition of the synthesized samples. The EDS
pattern indicates that the synthesized hetero/nanojunction photo-
catalyst (AGCOCN-10) was composed of C, N, Ag and O elements as
shown in Fig. S3.

The nitrogen adsorption–desorption isotherm analysis was
performed to investigate the Brunauer–Emmett–Teller (BET)
specific surface area of the synthesized Ag2CO3, pure g-C3N4

nanosheets and 10 wt% Ag2CO3/g-C3N4 hetero/nanojunctions. As
shown in Fig. 4a, the specific surface area of AGCOCN-10 was found
to be 232.78 m2g�1, which is slightly higher than the CN
(224.56 m2g�1) but much higher than that of AGCO
(12.75 m2g�1). The pore-size distribution analysis of the samples
was also estimated using the Barrett–Joyner–Halenda (BJH)
method, and results are shown in the inset of Fig. 4a . The pore
distribution curves of both CN and AGCOCN-10 samples show
narrow and uniform pores with an average pore diameter of
5.8 and 6.6 nm, respectively, which is well consistent with the TEM
observation. The large specific surface area and porous structure of
Ag2CO3/g-C3N4 hetero/nanojunctions are useful for the better
adsorption of organic compounds and also provide a greater
number of reactive sites for the photocatalytic process, thereby
enhancing the photocatalytic activity [21,40].

It is widely accepted that the photocatalytic redox reactions are
intimately relevant to the separation efficiency of photogenerated
electron–hole pairs, which arises from the excited semiconductor
materials [41]. To qualitatively investigate the separation efficiency
of photogenerated charge carriers during the photocatalytic
reactions, the photoluminescence (PL) spectral analysis was
performed, which can disclose the migration, transfer, and
recombination processes of the photogenerated electron–hole
pairs in present hetero/nanojunction system [21]. Fig. 4b shows the
PL spectra of the synthesized pure Ag2CO3, g-C3N4 nanosheets and
Ag2CO3/g-C3N4 hetero/nanojunctions recorded at room tempera-
ture with an excitation wavelength of 365 nm. As can be seen from
this Figure, the PL spectra of both pure g-C3N4 and Ag2CO3/g-C3N4

hetero/nanojunctions exhibit a strong emission band centered at
460 nm, which can be attributed to the radiative recombination
process of self-trapped excitations [42]. Obviously, the intensity of
the PL signal for the Ag2CO3/g-C3N4 hetero/nanojunctions is much
lower in comparison with pure g-C3N4 and least PL signal observed
for AGCOCN-10 photocatalyst. This phenomenon clearly demon-
strating that the hetero/nanojunction has a lower recombination
rate of photogenerated electron–hole pairs under sunlight
irradiation, which is mainly due to the fact that the excited
electrons of conduction band from the valence band of g-C3N4 are
then transfer to Ag2CO3, preventing a direct recombination of
electron–hole pairs. Thus, the greater separation of photogen-
erated charge carriers contributes to the enhanced photocatalytic
activity of Ag2CO3/g-C3N4 hetero/nanojunctions [15,43].

To give further evidence to support the above statements, the
transient photocurrent response of pure g-C3N4, Ag2CO3 and
Ag2CO3/g-C3N4 nanocomposite samples were investigated, which

Fig. 3. TEM image (a) and magnified TEM images (b & c) of the synthesized AGCOCN-10 hetero/nanojunction photocatalyst.

Fig. 4. Nitrogen adsorption–desorption isotherm plots and pore size distribution curves (inset) (a) and room temperature PL spectra (b) of the synthesized pure Ag2CO3, g-
C3N4 nanosheets and Ag2CO3/g-C3N4 hetero/nanojunction photocatalysts.
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can give the solid evidence to demonstrate the light response and
interfacial charge transfer dynamics between the composite
semiconductors [24]. Fig. 5a shows the photocurrent-time testing
curves of CN, AGCO and AGCOCN-10 photocatalysts with several
on–off cycles under visible light irradiation. It can be seen that
stable and reproducible photocurrent response to on–off cycles
were observed in all three electrodes. Among all photocatalysts,
the AGCOCN-10 nanocomposite exhibits a highest photocurrent
response, which is much higher than that of CN and AGCO. In
general, the photocurrent response of photocatalyst indirectly
reflects the ability to generate and transfer the photogenerated
charge carrier under light irradiation. From the above discussions
we can conclude that the Ag2CO3/g-C3N4 hetero/nanojunction
holds stronger ability in separation of photogenerated electron–
hole pairs than g-C3N4 and Ag2CO3, which is in good agreement
with the PL experiments.

EIS measurements were also conducted to investigate the
charge transfer resistance and separation efficiency of photo-
generated charge carriers in Ag2CO3/g-C3N4 hetero/nanojunction
system. Fig. 5b shows the Nyquist plots of the synthesized CN,
AGCO and AGCOCN-10 photocatalysts. The Nyquist plots are best
fitted to the equivalent Randle circuit shown in the inset of Fig. 5b.
As can be seen from this Figure, the diameter of the semicircle
observed for AGCOCN-10 hetero/nanojunction is significantly
smaller than that of CN and AGCO. The remarkable decrease in
the Rct value of the Ag2CO3/g-C3N4 hetero/nanojunction photo-
catalysts clearly demonstrate the enhanced separation efficiency
of the photogenerated electron–hole pairs, which can be attributed
to the hetero/nanojunction built between g-C3N4 and Ag2CO3.

Photocatalytic activity of Ag2CO3/g-C3N4 hetero/nanojunctions

The photocatalytic activity of the synthesized samples was
evaluated by photodegradation of the water pollutant, RhB under
sunlight irradiation. Fig. 6a shows the variation in concentration of
RhB (C/C0) with irradiation time over pure Ag2CO3, g-C3N4

nanosheets and Ag2CO3/g-C3N4 hetero/nanojunctions, where C0
is the initial concentration of RhB and C is its concentration at time
t. For comparison, the photodegradation of RhB over bulk g-C3N4

and commercial Degussa P25 was also conducted, which showed
poor photocatalytic activity than the other materials. The photo-
catalytic efficiency of bulk g-C3N4 is limited due to the low surface
area, high recombination rate of photogenerated charge carriers
and limited photo-response range. The photolysis (without
catalyst) of the RhB is negligible under same experimental
conditions, which confirms that RhB is a stable molecule under
sunlight irradiation. Moreover, the adsorption ability of g-C3N4

nanosheets and Ag2CO3/g-C3N4 hetero/nanojunctions was also
carried out in the dark for the same duration. The results revealed
that the adsorption capacity of these photocatalysts is almost the
similar, which indicates that the efficient photogenerated charge
separation may be playing an important role in the enhancement
of photocatalytic activity. As shown in Fig. 6a, �99% RhB dye was
degraded in 30 min over AGCOCN-10 hetero/nanojunction, where-
as 42% and 55% RhB degradation was observed for the same time
period in the case of Ag2CO3 and g-C3N4 nanosheets, respectively.
These results clearly demonstrate that the synthesized hetero/
nanojunctions exhibited extremely high photocatalytic perfor-
mance than the Ag2CO3 and g-C3N4 nanosheets. The photocatalytic

Fig. 5. Photocurrent response (a) and EIS profiles (b) of the synthesized pure Ag2CO3, g-C3N4 nanosheets and Ag2CO3/g-C3N4 hetero/nanojunction photocatalysts.

Fig. 6. (a) Comparison of photocatalytic activity for the degradation of RhB under sunlight irradiation over pure Ag2CO3, g-C3N4 nanosheets and Ag2CO3/g-C3N4 hetero/
nanojunctions and (b) the corresponding first-order kinetics plots of the synthesized pure Ag2CO3, g-C3N4 nanosheets and Ag2CO3/g-C3N4 hetero/nanojunction
photocatalysts.
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degradation efficiency of Ag2CO3/g-C3N4 hetero/nanojunctions
was increased with increasing Ag2CO3 NPs content and exhibits
optimal photocatalytic efficiency when the loaded Ag2CO3 amount
was 10 wt%. However, the loaded Ag2CO3 NPs content is increased
beyond 10 wt%, a decrease in the photocatalytic activity was
observed. The decrease in the photocatalytic activity can be
explained by following reasons: (1) the optimum Ag2CO3 NPs
content causes their good dispersion on the surface of g-C3N4

nanosheets, which favors the separation and transfer efficiency of
the photogenerated charge carriers and (2) at higher Ag2CO3 NPs
content, there is no strong interfacial charge transfer taking place
between isolated Ag2CO3 aggregates and g-C3N4 nanosheets,
which leads to a relatively low charge separation efficiency, and
consequently decreasing the photocatalytic activity [44].

The kinetics of RhB photodegradation on the photocatalyst
surface can be described by the first-order kinetic equation ln(C0/
C) = kt, where k is the rate constant (min�1). The pseudo first-order
rate constants (k) reflect the rate of degradation of RhB over the
synthesized photocatalysts under sunlight irradiation. As shown in
Fig. 6b, the plot of the irradiation time (t) against �ln(C/C0) is
nearly a straight line (linear correlation coefficient, R2� 0.98),
demonstrating that the photocatalytic degradation curves fit well
with the first-order kinetics equation model. The results revealed
that the AGCOCN-10 hetero/nanojunction exhibits the highest
degradation rate (0.165 min�1), which is almost 5.5 times higher
than that of Ag2CO3 NPs (0.0298 min�1) and 4 times higher than
that of pure g-C3N4 nanosheets (0.0389 min�1).

In addition, 4-chlorophenol (4-CP) was chosen as another
representative colorless organic pollutant to further evaluate
photocatalytic activity of the synthesized samples under sunlight
irradiation. As shown in Fig. S4, 4-CP was slightly degraded in
absence of catalyst under same experimental conditions, suggest-
ing that the photolysis of 4-CP is negligible. More remarkably, the
optimum photocatalytic activity of Ag2CO3/g-C3N4 hetero/nano-
junctions for the photodegradation of 4-CP is much higher than
that of pure Ag2CO3 and g-C3N4 nanosheets. These results clearly
demonstrating that the synthesized Ag2CO3/g-C3N4 hetero/nano-
junctions could be a promising visible light photocatalysts not only
for colored organic pollutants but also for colorless pollutants
under sunlight irradiation.

Mechanism for the enhanced photocatalytic activity and
photostability of the Ag2CO3/g-C3N4 hetero/nanojunctions

In order to understand the photocatalytic mechanism for the
synthesized Ag2CO3/g-C3N4 hetero/nanojunctions in detail, the
band edge positions of the conduction band (CB) and valence band

(VB) of Ag2CO3 and g-C3N4 should be determined since they are
strongly related to the photocatalytic oxidation process of organic
compounds [44,45]. The CB and VB potentials of the semi-
conductors at the point of zero charge can be calculated according
to the following empirical equations:

EVB � X � Ee þ 0:5Eg and ECB � EVB � Eg

where X is the absolute electronegativity of the semiconductor,
which is the geometric mean of the electronegativity of the
constituent atoms, and the value of X for Ag2CO3 is ca. 6.02 eV; Ee is
the energy of free electrons on the hydrogen scale (ca. 4.5 eV); ECB
and EVB are the CB and VB edge potentials, respectively; and, Eg is
the band gap energy of the semiconductor. Based on the above
equations, the bottom of the CB and the top of the VB of Ag2CO3 are
calculated to be +0.36 and +2.68 eV, respectively. Accordingly, the
VB and CB of g-C3N4 are estimated to be +1.4 and �1.3 eV,
respectively.

Detection of reactive species
To explore the photocatalytic mechanism of high photocatalytic

activity of the synthesized Ag2CO3/g-C3N4 hetero/nanojunctions,
we first conducted the trapping experiments of main reactive
species in this photodegradation process. In general, photo-
generated reactive species including superoxide anion radical
(O2

��), hydroxyl radical (�OH) and holes (h+) are expected to be
involved in the photocatalytic process. To investigate the role of
these main reactive species, various scavengers, namely tert-butyl
alcohol (TBA) for �OH, ammonium oxalate (AO) for holes and N2

purging for O2
��, were employed in this study [21,27]. As shown in

Fig. 7a, the photocatalytic degradation rate was drastically
inhibited by the addition of AO, indicating that the photogenerated
holes play an important role for the degradation of RhB over
Ag2CO3/g-C3N4 hetero/nanojunctions. When N2 purging was
conducted in the reaction system, the photodegradation of RhB
was significantly inhibited, which clearly suggests that the O2

�� are
also a predominant active species responsible for the photo-
catalytic reaction. It is interesting that the conduction band (CB) of
Ag2CO3 ECB (+0.36 eV vs. NHE) is higher than E(O2/O2

��) (+0.13 eV
vs. NHE), which cannot produce O2

�� from dissolved O2 by
photogenerated electrons, but the ECB (�1.3 eV vs. NHE) of g-C3N4 is
lower than E(O2/O2

��), thus the O2
�� species can still be produced

in the Ag2CO3/g-C3N4 hetero/nanojunctions system. However, the
degradation efficiency of RhB was not quenched obviously in the
presence of TBA, further confirming that the photodegradation of
RhB by the present photocatalytic system could mainly be
attributed to holes and O2

�� in the whole photocatalytic process
under sunlight irradiation.

Fig. 7. (a) Effects of different scavengers on the degradation of RhB in presence of AGCOCN-10 photocatalyst under sunlight irradiation and (b) �OH trapping PL spectra of
AGCOCN-10 with TA solution under sunlight irradiation.
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Hydroxyl radical generation
The �OH generation during the photocatalytic process on the

surface of sunlight irradiated photocatalyst was detected by the PL
technique using terephthalic acid (TA) as a probe molecule. The
�OH readily reacts with TA in basic solution to generate the highly
fluorescent product 2-hydroxyterephthalic acid (TAOH). The PL
intensity of TAOH was proportional to the amount of �OH radicals
generated on the surface of the photocatalysts. A maximum
intensity peak in the PL spectra was observed at around 425 nm
with an excitation wavelength of 365 nm as shown in Fig. 7b. It can
be seen that the PL intensity increases gradually with an increasing
irradiation time, which clearly demonstrates that �OH is indeed
generated on the sunlight irradiated surface of the Ag2CO3/g-C3N4

hetero/nanojunctions via photocatalytic reactions [33].
Based on the above experimental results, the possible key

factors were discussed for the significantly enhanced photo-
catalytic performance and stability of the synthesized Ag2CO3/g-
C3N4 hetero/nanojunctions. According to the aforementioned
calculation results of the band structures, the redox potential of
both CB (ECB = �1.3 eV vs. NHE) and VB (EVB = +1.4 eV vs. NHE) of g-
C3N4 nanosheets are more negative than those of the CB
(ECB = +0.36 eV vs. NHE) and VB (EVB = +2.68 eV vs. NHE) of Ag2CO3,
as shown in Fig. 8. Under sunlight irradiation, both g-C3N4 and
Ag2CO3 absorb photons of energy greater than the corresponding
band gap energy, which excite the electrons in the VB to the CB and
leave holes in the VB. The excited electrons in the CB of the g-C3N4

nanosheets can be easily transferred to the CB of the Ag2CO3,
resulting in accumulation of negative charges in Ag2CO3 close to
the hetero/nanojunction. At the same time, the hole which was
present in the VB of Ag2CO3 would transfer to the VB of g-C3N4,
since band edges of both Ag2CO3 and g-C3N4 lie in the visible
region. The migration of photo-induced charge carriers can be
promoted by the inner electric field established at the hetero/
nanojunction interface [45]. Therefore, the photogenerated
electron–hole pairs will be efficiently separated due to the
formation of a hetero/nanojunction between the g-C3N4 and
Ag2CO3 interface, resulting in the enhanced photocatalytic activity
of the Ag2CO3/g-C3N4 photocatalysts. Furthermore, the enriched
electrons on the CB of Ag2CO3 could be trapped by dissolved
oxygen in the reaction solution to form O2

��, which efficiently
protects Ag2CO3 semiconductor to avoid its photoreduction
(Ag+ + e� ! Ag) [15,46]. As a result, the synthesized photocatalysts
exhibit extremely high photostability. Meanwhile, the photo-
generated holes on the surface of Ag2CO3 migrate to the VB of g-
C3N4 and react with H2O to generate �OH. Accordingly, the
photogenerated O2

�� and holes followed by �OH can degrade RhB
dye and 4-chlorophenol pollutants more efficiently, which is also

confirmed by the trapping and �OH radical generation experi-
ments. More importantly, the high specific surface area of Ag2CO3/
g-C3N4 photocatalysts with uniform distribution of Ag2CO3 NPs
could also account for the enhanced photocatalytic activity of the
synthesized Ag2CO3/g-C3N4 hetero/nanojunctions. All the above
aspects together contributed to the enhanced photocatalytic
performance and extreme photostability of the Ag2CO3/g-C3N4

hetero/nanojunction photocatalysts compared to pure Ag2CO3NPs.

Reusability

The photostability of a photocatalyst is very important
characteristic parameter with regard to the practical application
[47]. To study the photostability of the synthesized pure Ag2CO3

and Ag2CO3/g-C3N4 hetero/nanojunction, five successive photo-
catalytic experimental runs were conducted by adding used
photocatalyst to fresh RhB solutions with no change in overall
concentration of the catalyst under sunlight irradiation. In each
recycling run, the photocatalyst was reused after centrifuged,
washed with double distilled water and dried at 80 �C while other
factors were kept identical. It is well known that an invincible
problem for silver-based semiconductor photocatalysts in photo-
catalysis process is their poor stability under light irradiation [48].
As shown in Fig. 9, the pure Ag2CO3 almost lost its activity even in
the second run and exhibits very little activity after five successive
runs owing to the photocorrosion resulting from the formation of
metallic silver [15,21]. More remarkably, the photocatalytic activity
of the Ag2CO3/g-C3N4 photocatalysts was retained at over 90% of its
original activity after five successive experimental runs under
same conditions, which promotes the photocatalyst for its
practical applications in environmental remediation.
Figs. S5 and S6 shows the XRD patterns of the synthesized pure
Ag2CO3 and Ag2CO3/g-C3N4 photocatalysts after five experimental
runs for the degradation of RhB under sunlight irradiation. For pure
Ag2CO3, it can be seen that a new peak corresponding to Ag0

appeared together with the XRD peaks of Ag2CO3 after the five
successive experimental runs, whereas no such peak was observed
in the Ag2CO3/g-C3N4 photocatalysts. These results indicate that
Ag2CO3 NPs are tightly bound on the surface of the g-C3N4

nanosheets through electrostatic interactions, and a strong hetero/
nanojunction formed between the Ag2CO3 and g-C3N4 nanosheets.
This hetero/nanojunction can achieve a more efficient charge

Fig. 8. Schematic photocatalytic reaction process and charge transfer of the
Ag2CO3/g-C3N4 hetero/nanojunctions under sunlight irradiation.

Fig. 9. Reusability of the AGCOCN-10 photocatalyst for the photocatalytic
degradation of RhB during five successive experimental runs under sunlight
irradiation.
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separation and improved lifetime of the charge carriers, which can
avoid the reduction of Ag+ in Ag2CO3 by photogenerated electron,
and thus inhibited the photocorrosion of Ag2CO3 in Ag2CO3/g-C3N4

photocatalysts during the photocatalytic process.

Conclusion

In summary, highly efficient Ag2CO3/g-C3N4 hetero/nanojunc-
tions have been successfully fabricated by a facile and template free
in situ precipitation method. The resulting hetero/nanojunction
photocatalysts possess high specific surface area, and strong
visible light absorption. More importantly, the synthesized
Ag2CO3/g-C3N4 hetero/nanojunction exhibited the excellent
photocatalytic activity for the photocatalytic degradation of RhB
and 4-CP, which was superior to those of pure Ag2CO3 and g-C3N4

nanosheets under sunlight irradiation. Such an enhanced photo-
catalytic activity could be assigned to the well-established
hetero/nanojunction between Ag2CO3 and g-C3N4 nanosheets,
which was favorable for the effective separation of the
photogenerated electron–hole pairs. Additionally, the trapping
experiments confirmed that photogenerated holes and O2

�� are
major responsible for photodegradation in the present hetero/
nanojunction system. Furthermore, the hetero/nanojunction
improved the photostability of the Ag2CO3 NPs on g-C3N4

nanosheets. Considering the excellent properties and the facile
synthesis procedure, the Ag2CO3/g-C3N4 hetero/nanojunction may
hold great promise as a highly efficient photocatalyst in a wide
range of applications including environmental remediation and
solar energy applications.
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