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a b s t r a c t
Using CO2 as the source of CO3

2–, a series of novel strontium carbonate-silver carbonate (SrCO3–Ag2CO3) 
composite photocatalysts with different SrCO3 contents were prepared by a gas-phase co-precipitation 
method. The obtained SrCO3–Ag2CO3 composites exhibited much higher photocatalytic activity than 
pure Ag2CO3 in the degradation of acid orange II under xenon lamp illumination. The obtained sam-
ples were characterized by X-ray diffraction, scanning electron microscopy, N2 physical adsorption, 
UV–vis diffuse reflectance spectroscopy, X-ray photoelectron spectroscopy, Fourier transform infrared 
spectroscopy and photoelectrochemical measurements, respectively. With an optimal molar ratio of 
SrCO3:Ag2CO3 (2:1), the composite showed the highest activity. The coupling of SrCO3 into Ag2CO3 
largely boosted the separation efficiency of photogenerated electron-hole pairs. This low-cost SrCO3–
Ag2CO3 composite photocatalysts could have promising applications in environmental purification.

Keywords: Gas-phase co-precipitation; SrCO3–Ag2CO3 composite; Photocatalytic activity; Low cost

1. Introduction

Semiconductor photocatalytic technology shows a great 
potential application in solving the problems of energy short-
age and environmental pollution by utilization of sunlight 
and it attracts great attention of researchers all over the world 
[1–9]. TiO2 is the most widely studied and applied photo-
catalyst among various photocatalytic materials due to its 
high chemical stability and perfect photocatalytic activity. 
However, TiO2 can only be excited by UV light which only 
accounts for about 3% of the whole solar energy [10–12]. 
Therefore, it is necessary to develop visible light-responsive 
photocatalytic materials.

Recently, a series of Ag-based compounds have been 
proved to have excellent photocatalytic activity for deg-
radation of organic pollutants and water splitting under 

the illumination of visible light [5,13–20] including Ag2O 
[21,22], Ag2S [23,24], AgX (Cl, Br) [25,26], Ag2WO4 [27,28], 
Ag3VO4 [29,30], Ag3PO4 [31–33] and etc. Ag2CO3 is one of 
Ag-based semiconductors with the high visible light photo-
catalytic performance [34–37]. However, Ag2CO3 semicon-
ductor always exhibits poor stability due to serious photo 
corrosion. Various strategies have been taken to overcome 
the limitation, for example, coupling with other semicon-
ductors, TiO2/Ag2CO3 [38], Ag2O/Ag2CO3 [39–41], BiOX (Cl, 
Br, I)/Ag2CO3 [42–44], AgX/Ag2CO3 [45–47] and etc. [48–55]. 
More recently, the CaMg(CO3)2@Ag2CO3 microsphere 
photocatalyst was fabricated via a fast and low-cost ion 
exchange process. This CaMg(CO3)2@Ag2CO3 microsphere 
showed well-ordered hierarchical morphology with small 
particle sizes, which was beneficial to light absorption and 
the transfer of photo-generated electrons (e–) and holes (h+) 
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to the catalyst surface. These CaMg(CO3)2@Ag2CO3 micro-
spheres showed high stability and photocatalytic activities 
in the degradation of acid orange II [56,57].

Normally, Ag2CO3 was fabricated by the precipitation 
method with AgNO3 and Na2CO3 as raw materials. In this 
work, we attempted to use CO2 as the carbon source to 
fabricate SrCO3–Ag2CO3 composite photocatalyst via a new 
gas-phase co-precipitation method. To our knowledge, it 
is the first time to report about the fabrication of SrCO3–
Ag2CO3 composite via a gas-phase co-precipitation method.

2. Experimental setup

2.1. Catalyst synthesis

All chemicals were of analytical grade and used with-
out further purification. The pure Ag2CO3 was prepared 
by a gas-phase precipitation method. 2 mmol AgNO3 was 
dissolved in 20 mL deionized water and 15% NH3·H2O was 
added dropwise to the above solution until the solution 
became transparent. The obtained [Ag(NH3)2]OH solution 
was transferred into a 50 ml Teflon-lined stainless steel auto-
clave and maintained the temperature at 60°C. Then the CO2 
was bubbled into [Ag(NH3)2]OH solution and the pressure 
was maintained at 0.2 MPa for 3 h. After the solution was 
cooled down to room temperature, the precipitate was col-
lected by filtration and washed with deionized water and 
absolute alcohol three times. Then, the samples were dried 
at 60°C for 8 h to obtain Ag2CO3.

To fabricate SrCO3–Ag2CO3 composite, a certain amount 
of Sr(NO3)2 (0.5, 1, 2, and 3 mmol) was added into the above 
[Ag(NH3)2]OH solution and stirred for 10 min. The mixture 
was handled in the same way to obtain the SrCO3–Ag2CO3 
with a different mole ratio of Sr2+/Ag+. The preparation 
process of the composites was shown in Fig. 1.

2.2. Catalyst characterization

The photocatalytic performance of the samples is linked 
to the lattice structure, specific surface area, particle mor-
phology, optical absorption properties and bond character-
istics of a photocatalyst. In order to reveal or understand 
the photocatalytic performance of the composites, the 
obtained samples were characterized by a series of physical 
and chemical methods. X-ray powder diffraction (XRD) was 
mainly used to determine the composition and crystal struc-
ture of the samples. The Bruker D8 Advance (Germany) 

X-ray powder diffractometer was used for analysis with a 
copper target (Cu Kα, λ = 0.15418 nm), where the operat-
ing voltage was 40 kV and the current was 40 mA. Scanning 
electron microscopy (SEM) of XL30 (Philips, Netherlands) 
was used to observe the apparent morphology and the par-
ticle size distribution of samples. Fourier transform infra-
red (FT-IR) spectra were recorded by a Nicolet-470 infrared 
spectrometer and the powder sample was ground to unifor-
mity with a small amount of KBr under an infrared lamp, 
then molded at a pressure of 10 MPa to form a transpar-
ent sheet and scanned 16 times with a resolution of 4 cm–1. 
The UV-vis diffuse reflectance spectra (DRS) were analyzed 
by Shimadzu 2550 UV-Vis-NIR spectrometer (Japan) and 
BaSO4 was used as the standard reference. X-ray photo-
electron spectroscopy (XPS) measurements were carried 
out on a Thermo Fisher Scientific-US ESCALAB 250Xi XPS 
system with a monochromatic Al Kα (hν = 1486 eV) source 
at a power of 150 W and a charge neutralizer. All the bind-
ing energies were referenced to the characteristic of C1s 
peak at 284.8 eV. The specific surface area of the sample 
was calculated from the N2 adsorption-desorption curve 
using ASAP2020 of American Micronic Company (United 
States). The photocurrent analysis was carried out using 
the CHI660E/700E electrochemical workstation assembled 
by Shanghai Chenhua Instrument Co. Ltd., (China) where 
a Pt wire was used as the auxiliary electrode and Ag/AgCl 
as the reference electrode. The correlation curve between 
photo-generated current and time was measured with a 
500 W xenon lamp used as the excitation source and a 0.1 M 
Na2SO4 solution was used as the electrolyte solution.

2.3. Photocatalytic performance measurement

The photocatalytic degradation activity of fabricated 
samples was carried out using a Solar-500N xenon lamp 
source manufactured by Beijing Newbit Technology Co. 
Ltd., (China) (500 W). The light intensity was 80–450 mW/
cm2. Acid Orange II (AO-II) in aqueous solution was used as 
the simulated pollutant. Circulating water was used to ensure 
the constant temperature of the pollutant solution. Firstly, a 
certain amount of sample (50 mg) and 20 mg/L AO-II solution 
(80 mL) were mixed and the suspension was stirred in the 
dark for 40 min to reach the adsorption and desorption equi-
librium. After dark adsorption, the light source was turned 
on and approximately 3 mL reacted solution was sampled at 
regular intervals. Then, the reacted solution was centrifuged 

 
Fig. 1. Preparation diagram of SrCO3-Ag2CO3 composites via the gas-phase co-precipitation route with CO2.
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to remove the photocatalyst powders. The concentration of 
AO-II was tested by a UV-vis spectrophotometer (Agilent, 
HP 8453, United States).

3. Results and discussion

3.1. Crystal properties

The XRD patterns of the samples are presented in Fig. 2. 
Sharp XRD peaks indicate their good crystallinity. It can be 
clearly observed that the pure Ag2CO3 shows distinct dif-
fraction peaks at 18.55°, 20.54°, 32.59°, 33.67° and 39.58°, 
corresponding to (020), (110), (–101), (–130) and (031) crys-
tal planes of the monoclinic phase of Ag2CO3 (JCPDS No.00-
026-0339), respectively. Due to the formation of SrCO3, new 
peaks at 2θ of 25.17°, 25.80°, 36.53° and 44.08° appear, which 
are ascribed to the orthorhombic phase of SrCO3 (JCPDS No. 
00-005-0418). With the increase of SrCO3 content, the inten-
sity of new peaks increases correspondingly. However, the 
patterns of the composites did not change greatly, which 
indicates that the formation of SrCO3 did not change the 
crystal phase of Ag2CO3.

3.2. Specific surface area and morphological structure

The surface areas of the prepared samples were deter-
mined by N2 physical adsorption-desorption (Fig. 3) and 
the results are demonstrated in Table 1. We can see that all 
samples show a small surface area and all most no surface 
area was detected for pure Ag2CO3. The presence of SrCO3 
obviously increased the surface area of the composites. From 
the late SEM images (Fig. 4), we can see that the morpho-
logical structure of the samples changed distinctly with the 
introduction of SrCO3.

In Fig. 4a we see that pure Ag2CO3 appears cuboid 
particles with a length of ~6 μm, a width of ~3 μm, and 
a thickness of ~6 μm. The cuboid particles show a very 
smooth surface. The introduction of SrCO3 largely changed 
the morphology of Ag2CO3. In Fig. 4b, with the 1:1 molar 
ratio (SrCO3:Ag2CO3), SrCO3–Ag2CO3 still maintains cuboid-
shaped morphology, but the surface of the composite became 

rough. In Fig. 4c, when the molar ratio (SrCO3:Ag2CO3) 
increased to 2:1, some of the composite particles transform 
into flower-like morphology. With a further increase in the 
molar ratio (3:1), Fig. 4d indicates that nearly all of the par-
ticles transform into flower-like morphology with a rough 
surface. Fig. 4e shows the pure SrCO3 with fusiform mor-
phology and loose surface. The increase of SrCO3 resulted 
in a change in the texture of the composite, which is con-
sistent with the specific surface area data of the samples in 
Table 1. Fig. 4f is the energy-dispersive X-ray spectroscopy 
(EDS) spectrum of the typical SrCO3-Ag2CO3 (2:1) sample 
and it indicates the existence of Ag, Sr, C and O elements 
in the selected region of the composite.

3.3. Light absorption

The UV-Vis DRS of the samples are presented in Fig. 5a. 
Pure SrCO3 shows no light absorption in the visible light 
range but obvious absorption in the UV region and pure 
Ag2CO3 exhibits excellent absorption ability in UV and 
visible light range. Fig. 5b indicates the band gap energies 
for the as-prepared catalysts calculated by the equation 
(αhν)2 = hν–Eg, where α is the absorbance, hν is the absorp-
tion energy, and Eg is the band gap energy. The band gap 
energies of the pure Ag2CO3 and pure SrCO3 were esti-
mated to be 2.55 and 3.70 eV, respectively. As for the sam-
ples of SrCO3–Ag2CO3 with mole ratio at 1:1, 2:1 and 3:1 
(SrCO3:Ag2CO3), their band gap energies were estimated 
to be 2.25, 2.12, and 2.35 eV, respectively. After combining 
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Fig. 2. XRD patterns of Ag2CO3, SrCO3, and SrCO3-Ag2CO3 com-
posites.
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Fig. 3. Nitrogen adsorption–desorption isotherms of all samples.

Table 1
Specific surface area of the prepared samples

Sample Specific surface area (m2/g)

Ag2CO3 0
SrCO3–Ag2CO3 (1:1) 1
SrCO3–Ag2CO3 (2:1) 2
SrCO3–Ag2CO3 (3:1) 3
SrCO3 4
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with SrCO3, the band gap energy of the composite slightly 
decreased compared with the pure sample, which indicates 
that the absorption capacity of the composite was enhanced 
in the visible region.

3.4. FT-IR analysis

The FT-IR spectra of the prepared samples are shown 
in Fig. 6. It can be clearly seen from the figure that all the 
composites shown a broad absorption peak near 3,430 cm–1, 
which was considered as the characteristic stretching 
vibration peak of the hydroxyl group (–OH) over the sur-
face of samples. A weak absorption peak near 1,653 cm–1 
was ascribed to the bending vibration peak of physically 

adsorbed water molecules (H–O–H). Absorption peaks 
near 884 and 1,398 cm–1 were attributed to the characteris-
tic absorption peaks of carbon anion (CO3

2–) [58]. The strong 
and wide absorption peak of pure SrCO3 near 1,474 cm–1 
belonged to the stretching vibration peak of asymmetric C–O 
bond, and two absorption peaks of 857 and 702 cm–1 could 
be assigned to bending out-of-plane vibrations and in-plane 
vibrations, respectively. A weak and sharp absorption peak 
near 1,070 cm–1 was considered as the stretching vibration 
peak of symmetric C–O bond [59–61]. After the coupling of 
SrCO3, there is no significant change in the positions of the 
absorption peaks corresponding to the composite samples 
and the intensity of the characteristic absorption peaks of 
CO3

2– at 500–1,500 cm–1 gradually increased.
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Fig. 4. SEM images of (a) Ag2CO3, (b) SrCO3–Ag2CO3 (1:1), (c) SrCO3–Ag2CO3 (2:1), (d) SrCO3–Ag2CO3 (3:1), (e) SrCO3, and (f) EDS 
spectrum of SrCO3–Ag2CO3 (2:1).
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3.5. XPS analysis

XPS was used to characterize the valence state of elements 
in the SrCO3–Ag2CO3 sample. Fig. 7 shows the high-resolu-
tion XPS spectra of SrCO3–Ag2CO3 sample. Fig. 7a illustrates 
the Ag 3d spectrum and two peaks of 367.83 and 373.88 eV 
correspond to the Ag 3d3/2 and Ag 3d5/2, which are attributed 
to the existence of Ag+ in SrCO3–Ag2CO3. The peak of O 1s 

at 531.28 eV in Fig. 7b belongs to the O in Ag2CO3. The C 
1s spectrum is displayed in Fig. 7c. The peak at 284.66 eV is 
ascribed to the C element in Ag2CO3 and the peaks located at 
285.98 and 289.41 eV are associated with the C–O and C=O 
bands. In Fig. 7d peaks of Sr 3d at 132.68 and 134.50 eV are 
assigned to the Sr 3d3/2 and Sr 3d5/2, corresponding to the Sr2+ 
of SrCO3 [60,61].

3.6. Photocurrent measurement

The transient photocurrent-time response test can be 
used to evaluate the migration and recombination of photo- 
generated electron-hole pairs. The high photocurrent inten-
sity indicates the low recombination rate of photo- generated 
electrons and holes. A certain amount (15 mg) of the sam-
ple was ultrasonically dispersed and then coated on the 
conductive glass sheets. The result (Fig. 8) demonstrates 
that the photocurrent intensity was greatly improved for 
the composites and SrCO3–Ag2CO3 with the mole ratio at 
2:1(SrCO3:Ag2CO3) showed the largest improvement, which 
explained the obvious increase of photocatalytic activ-
ity. Due to the photo corrosion, the responsive intensity of 
photocurrent of Ag2CO3 decreased gradually.

3.7. Electrochemical impedance test

Electrochemical impedance spectroscopy was used 
to further explain the charge transfer resistance and the 
separation efficiency of photo-generated electron-hole pairs. 
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When the working electrode was excited by charge trans-
fer, an arc appeared on the electrochemical impedance 
spectrum. The smaller radius of the arc reflects the lower 
charge transfer resistance [62]. Fig. 9 indicates that SrCO3–
Ag2CO3 with the mole ratio at 2:1 (SrCO3:Ag2CO3) produced 
the smallest arc radius. Thus, the coupling of SrCO3 could 
result in a superior charge transfer and a high photocatalytic 
activity.

3.8. Photocatalytic performance

According to the concentration change of AO-II solu-
tion at different times, the degradation curve was drawn. 
The degradation rate was obtained by using the formula 
α = 1–(C/C0), where C0 is the initial concentration and C is 
the current concentration. In Fig. 10a we can see that pure 
Ag2CO3 shows weak photocatalytic activity and the degra-
dation activity of the composite obviously increases with the 
addition of SrCO3. Moreover, SrCO3–Ag2CO3 sample with 
the mole ratio at 2:1(SrCO3:Ag2CO3) exhibited the maximum 
improvement in activity. However, with a further increase of 
SrCO3, the activity of the composite began to decline. Fig. 10c 
shows the degradation rate of AO-II over different samples 
after visible light irradiation for 100 min and the sample of 
SrCO3–Ag2CO3 with the mole ratio at 2:1 displayed the high-
est photocatalytic activity.

Furthermore, in order to describe the kinetics of AO-II 
degradation, the pseudo-first-order model was used, which 
is expressed by the equation ln(C0/C) = kt. The data plot of the 
reaction kinetics of AO-II was shown in Fig. 10b. The pseu-
do-first degradation rate constants of AO-II over the pure 
Ag2CO3 and the composites with the mole ratio at 0.5:1, 1:1, 
2:1 and 3:1 (SrCO3:Ag2CO3) were 0.0056, 0.0087, 0.0121, 0.0285 
and 0.0140 min–1, respectively.

To evaluate the stability of SrCO3–Ag2CO3 composite, 
we carried out the recycling test of SrCO3–Ag2CO3 (2:1) and 
Ag2CO3. From Fig. 11 we can see that SrCO3–Ag2CO3 (2:1) 
displays the relatively higher stability than that of bare 
Ag2CO3.

In order to determine the role of the active species in the 
photoreaction, the photocatalytic degradation experiments 

of AO-II in the presence of free radical trapping agents were 
carried out. 1 mmol of P-benzoquinone (p-BZQ), ethylene-
diaminetetraacetic acid disodium (Na2-EDTA) and tert-bu-
tyl alcohol (TBA) were added to capture oxygen negative 
radical (•O2

–), photogenerated holes (h+) and hydroxyl radi-
cal (OH), respectively. The results are shown in Fig. 9d. The 
degradation rate of AO-II over SrCO3–Ag2CO3 was largely 
suppressed by the addition of scavengers, which indicated 
that·O2

–, h+ and·OH all participated in the degradation. The 
addition of Na2-EDTA and p-BZQ leads to the greatest 
negative effect on degradation rate, which means that O2

– 
and h+ are the mainly primary active radicals.

The conduction band (CB) and valence band (VB) edge 
of semiconductor were calculated by following Eqs. (1) 
and (2) [63]:

E X E Ee gVB = − + 0 5.  (1)

E E EgCB VB= −  (2)

where X is the absolute electronegativity of the semiconduc-
tor which is defined as the geometric average of the electro-
negativity of the constituent atoms; Ee is the energy of free 
electrons on the hydrogen scale (about 4.5 eV); EVB is the 
potential of VB edge and Eg is the band gap of the semicon-
ductor. From the result of the UV-Vis DRS, we can see that 
the Eg values of SrCO3 and Ag2CO3 are 3.70 and 2.55 eV and 
their X values can be calculated to 5.57 and 6.12 eV. Based 
on these two equations, the top of the VB and the bottom of 
the CB of Ag2CO3 were calculated as 2.70 and 0.25 eV while 
the VB and CB potentials of SrCO3 are 2.92 and –0.78 eV.

On the basis of the above discussion, the photocatalytic 
mechanism of the SrCO3–Ag2CO3 composite system is pro-
posed in Fig. 12. Because of the difference of valence band 
and CB between SrCO3 and Ag2CO3, a part of the excited 
electrons in the CB of Ag2CO3 transferred to that of SrCO3. 
Meanwhile, the holes in the VB of SrCO3 can migrate to 
Ag2CO3, which accelerated the separation efficiency of 
photogenerated electron-hole pairs and inhibited their 
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recombination. On the other hand, the presence of SrCO3 
increased the specific surface area, which facilitated the 
adsorption of the reactant molecules and broadened the 
absorption range of light. Therefore, more active radicals 
were produced for the reaction with AO-II over the surface 
of the photocatalysts.
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Fig. 11. Recycling test of SrCO3–Ag2CO3 (2:1) and Ag2CO3 in 
degradation of AO-II.

 
Fig. 12. Suggested photocatalytic mechanism for AO-II degrada-
tion over SrCO3–Ag2CO3 system.
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4. Conclusion

In summary, a series of SrCO3–Ag2CO3 composite pho-
tocatalysts with different SrCO3 contents were successfully 
prepared by a gas-phase co-precipitation method. Under 
visible light illumination, the SrCO3/Ag2CO3 composites 
exhibited high photocatalytic activity for AO-II dye degra-
dation. The combination with SrCO3 leads to a large specific 
surface area and strong light absorption in the visible light 
range. Moreover, the charge transfer resistance was reduced 
and the separation efficiency of photogenerated electron-hole 
pairs was improved, resulting in superior photocatalytic 
activities. This work provides with a new low-cost route to 
create efficient visible-light-driven Ag2CO3-based semicon-
ductor photocatalysts for environmental purification.
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