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ABSTRACT ZnIn2S4 has emerged in water splitting and degradation of 
dyes due to its good stability and light absorption properties. However, 
there are still few reports of CO2 photoreduction. Herein, we successfully 
synthesized ZnIn2S4 and obtained a series of ZnIn2S4-CdIn2S4 hetero-
structured microspheres through the ion exchange method, and first 
used them in photocatalytic CO2 reduction in noble-metal-free systems. 
The activity results showed that these ZnIn2S4-CdIn2S4 photocatalysts 
exhibit excellent catalytic activity under visible light, and the best CO 
yield is as high as 33.57 μmol·h-1 with a selectivity of 91%. Furthermore, 
the stability and reusability of ZnIn2S4-CdIn2S4 was firmly confirmed by diverse characterizations, including X-ray diffraction (XRD), scanning 
electron microscopy (SEM), transmission electron microscopy (TEM), X-ray photoelectron spectroscopy (XPS), energy-dispersive X-ray 
spectroscopy (EDX) and N2 adsorption measurements. 
Keywords: CO2RR, visible light photocatalysis, heterojunction, CdIn2S4 

n INTRODUNTION 
The excessive use of fossil fuels has led to a rapid increase in 
carbon dioxide emissions, which has caused a series of envi-
ronmental problems such as the greenhouse effect.[1-3] Photo-
catalytic reduction CO2 provides an attractive strategy to utilize 
carbon dioxide and realize carbon neutral energy cycle.[4-11] Un-
fortunately, due to the high thermodynamic stability of CO2, fast 
recombination of photogenerated electron-holes and low selec-
tivity of reaction, the photocatalytic performance is still unsatis-
factory.[12-15]  

Since the innovative demonstration of photoelectroncatalytic 
reduction of CO2 using semiconductor powders by Inoue and 
coworkers[16] in 1979, a wealth of materials have been developed 
to catalyse CO2 conversion reactions with light, both in homo-
geneous and heterogeneous systems. To date, semiconductor 
materials including TiO2,[17,18] ZnO,[19,20] CeO2,[21,22] Bi2WO6,[23,24] 
Ga2O3,[25-27] MOF[26] and CdS[28,29] have been reported as pho-
tocatalysts for CO2 reduction. However, the poor efficiency of 
CO2 photoreduction hinders its practical applications. Therefore, 
exploring and designing related photocatalytic reaction systems 
and suitable catalysts is the focus of current research. 

Among various kinds of semiconductor photocatalysts, ternary 
sulfides of chalcogenide AB2X4 (e.g., ZnIn2S4 and CdIn2S4) with 
unique physical and chemical properties, such as strong absorp-
tion in the visible region, excellent catalyst stability, appropriate 
band gaps and band edges, emerge in the field of photocataly-
sis.[30-33] Recently, there are many reports on the water splitting 
and dyes degradation of ZnIn2S4.[34,35] In regard of the field of 
photocatalytic CO2 reduction, the performance of pure ZnIn2S4 
material is still not satisfactory, mainly attributed to its low effi-
ciency on separating photogenerated electron-hole pair.[36] 

Owing to building the internal electric field, constructing het-
erojunctions between different semiconductors is an effective 
strategy to promote the separation of carriers, and thus enhance 

the activity and stability of photocatalysts.[37,38] As a convenient 
method to fabricate heterojunction, ion exchange not only makes 
the composition of inorganic nanocrystalline adjustable, but also 
maintains the morphology and structure of precursor.[39,40] 

Herein, we design and synthesize ZnIn2S4-CdIn2S4 hetero-
structure through an in situ ion exchange strategy for CO2 pho-
toreduction under mild reaction conditions. The ZnIn2S4-CdIn2S4 
composites are fully characterized by various physicochemical 
techniques (e.g., XRD, SEM, TEM, EDX, XPS, DRS, and N2 
sorption measurement). Performance of the ZnIn2S4-CdIn2S4 
catalyst is carried out in the classic CO2 photoreduction system 
with Co(bpy)3

2+ as a cocatalyst and triethanolamine (TEOA) as 
an electron donor. When evaluated as a visible light photocata-
lyst for CO2 reduction, the optimized ZnIn2S4-CdIn2S4 hetero-
structure exhibits considerable activity and excellent stability for 
selectively reducing CO2 into CO without the assistance of noble 
metal cocatalyst. The generation rate of CO is 33.57 μmol·h-1 
under visible irradiation, mostly, with a highly selectivity of 91%. 
PL and transient photocurrent analyses indicate that the 
ZnIn2S4-CdIn2S4 catalyst can efficiently impede the recombina-
tion and promote the transfer of photoexcited charges. 

n RESULTS AND DISCUSSION  
Powder X-ray diffraction (XRD) is performed to study the crystal 
structures and phase purities of synthetic materials. As present-
ed in Figure S1, the peaks at 3.58, 21.58, 27.96 and 47.18° are 
well indexed to the (001), (006), (102) and (110) crystal planes of 
ZnIn2S4 phase (JCPDS card no. 03-065-2023),[41] and no other 
noticeable peaks are witnessed, pointing to the high purity of the 
synthesized ZnIn2S4 material. All the peaks in ZnIn2S4-CdIn2S4-x 
(x = 15, 30, 45, 60) composites are matched well with ZnIn2S4, 
and no obvious CdIn2S4 peaks can be observed. This result can 
be attributed to the following two points. On one hand, the main 
diffraction peaks of CdIn2S4 are very similar to that of ZnIn2S4, 
and on the other hand, the CdIn2S4 is highly dispersed in the 
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sample. Besides, in order to verify the ratio of CdIn2S4 in 
ZnIn2S4-CdIn2S4, we investigate the molar ratios of Zn and Cd in 
different samples using ICP-OES. As shown in Table S1, the 
content of Cd2+ increases with the longer hydrothermal time, 
which means that more ZnIn2S4 is replaced by CdIn2S4. 

The morphology of the as-synthesized samples is investigated 
by SEM. As shown in Figure S2(a–b), the pure ZnIn2S4 exhibits 
microspheres composed of nanosheets with diameter of about 1 
μm. When the hydrothermal ion exchange time increases from 
15 to 60 min, according to Figure S2(c–f), the composite still 
retains original sphere appearance without significant change, 
which may be attributed to the low hydrothermal temperature and 
the highly stable structure of ZnIn2S4. TEM analysis is performed 
to further discriminate the morphology and structure of 
ZnIn2S4-CdIn2S4. In Figure 1a, the ZnIn2S4-CdIn2S4 shows ap-
parent spherical structure, which is consistent with the SEM 
images. The nanosheets are clearly observed in higher magnifi-
cation TEM image (Figure 1b). As indicated in Figure 1c, the 
lattice fringes with a spacing of 0.333 and 0.313 nm can be dis-
cerned, which represent the (100) crystal plane of ZnIn2S4 and 
the (222) crystal plane of CdIn2S4, respectively. Moreover, the 
elemental mapping images (Figure 1d) of ZnIn2S4-CdIn2S4 show 
that elements Cd, Zn, In and S are homogeneously distributed 
throughout the whole composite, and no other elements are 
present. Therefore, the above TEM analysis confirmed that 
ZnIn2S4-CdIn2S4 with 3D microsphere structure possesses het-
erojunction made up of ZnIn2S4 and CdIn2S4. 

XPS analyses are carried out to study the surface chemical 
composition and electronic state of ZnIn2S4-CdIn2S4. The C 1s at 
284.6 eV is used as a reference to correct the binding energy of 
other elements. The high resolution XPS spectrum of Cd 3d is 
depicted in Figure 2a, where two peaks positioned at the binding 
energies of 405.23 and 411.97 eV are correspondingly assigned 
to Cd 3d5/2 and Cd 3d3/2 with a spin-orbit coupling of 6.7 eV, 
which is in good accordance with the reported values in CdIn2S4 
materials.[42] In the high-resolution XPS spectra of Zn 2p, two 
peaks located at 1021.79 and 1044.96 eV correspond to Zn 2p3/2 
and Zn 2p1/2, respectively, suggesting the Zn element holds the 
valance state of +2.[43,44] In the In 3d core-level spectrum (Figure 
2c), the peak splitting to In 3d5/2 and In 3d3/2 are at around 452.47 
and 444.87 eV, respectively, which is characteristic of the In3+ 
cation.[45] The peaks at around 162.7 and 161.6 eV in S 2p 
high-resolution XPS spectrum represent S 2p3/2 and S 2p1/2, 
respectively, corresponding to S2- species in the composite.[46] All 
results indicate the elements in ZnIn2S4-CdIn2S4 heterostructures 

exist in chemical states of In3+, Cd2+, Zn2+ and S2-. 
The textural characteristics of ZnIn2S4-CdIn2S4 material are 

investigated by N2 sorption measurements. As shown in Figure 
3a, the N2 adsorption-desorption isotherms of ZnIn2S4-CdIn2S4 
manifests are categorized as the type IV fashion, a type H3 
hysteresis loop, suggesting that the material possesses a mass 
of mesopores.[47,48] The specific BET surface area and pore 
volume of ZnIn2S4-CdIn2S4 are calculated to be 182 and 0.326 
cm3·g-1, respectively. Meanwhile, the specific BET surface area 
of ZnIn2S4 is 159 m2·g-1, which is much smaller than that of 
ZnIn2S4-CdIn2S4. As shown in Figure 3a (inset), the pore size of 
the sample is at the range of 5–20 nm, confirming the existence 
of mesoporous in ZnIn2S4-CdIn2S4. Furthermore, CO2 adsorp-
tion-desorption measurements are conducted to investigate the 
CO2 adsorption of materials. As is shown in Figure 3b, 
ZnIn2S4-CdIn2S4 composite exhibits a CO2 adsorption capacity of 
12.9 cm3·g-1 under the condition of 0 °C and 1 atm, which is 
slightly higher than that of pure ZnIn2S4 (11.8 cm3·g-1). In general, 
the high surface area, pore volume and CO2 absorbance of 
sample are favourable to provide more catalytic active sites, 
promote charge transportation, and facilitate CO2 cap-
ture/adsorption, thus contributing to the improvement of photo-
catalytic activity. In order to verify the difference in activation 
ability over CO2 between the two samples, we have conducted 
linear sweep voltammetry (LSV) measurement of ZnIn2S4 and 
ZnIn2S4-CdIn2S4 as working electrode in CO2 atmosphere. As 
shown in Figure 3c, ZnIn2S4-CdIn2S4 possesses a more positive 
initial potential and a higher current density than pure ZnIn2S4, 
implying that the ZnIn2S4-CdIn2S4 can effectively activate CO2. 

Optical absorption characteristics of the synthesized samples 
are determined by UV-Vis diffuse reflectance spectroscopy (DRS) 
measurements. As displayed in Figure S3a, there is an obvious 
red shift with the introduction of CdIn2S4, compared with ZnIn2S4. 
It is anticipated that ZnIn2S4-CdIn2S4 can absorb more visible 
light for photoexcitation of electron-hole charge carriers. From 
the Tauc plots (Figure S3b), the band energies of ZnIn2S4 and 
ZnIn2S4-CdIn2S4 are calculated to be 2.27 and 2.14 eV,[49,50] 
respectively, suggesting the increase of visible light absorption of 

Figure 2. High-resolution XPS spectra of ZnIn2S4-CdIn2S4 microspheres: 
(a) Cd 3d, (b) Zn 2p, (c) In 3d, and (d) S 2p. 

Figure 1. (a–b) TEM images, (c) HRTEM image, and (d) elemental map-
pings of ZnIn2S4-CdIn2S4 microspheres. 
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ZnIn2S4-CdIn2S4. The result is in faithful agreement with the trend 
in photocatalytic performances discussed later. 

The CO2 photoreduction performance of the ZnIn2S4-CdIn2S4 
is investigated in the tandem catalytic system under mild 
conditions (i.e., 1 atm CO2 and 30 oC) by employing Co(bpy)3

2+ 
(bpy = 2,2′-bipyridine), as cocatalyst, electron donor and solvent, 
respectively.[51] Figure 4a depicts the CO and H2 production rate 
of different samples. CO is detected as the sole CO2 reduction 
product, coupled with a small amount of H2, which is in agree-
ment with the results of previous works.[52] The pure ZnIn2S4 only 
exhibited CO generation rate of 13.5 μmol, mainly due to the high 
recombination rate of photogenerated electronhole pairs. How-
ever, with the addition of Cd2+ to form CdIn2S4, the activity of CO2 
photoreduction is improved. In particular, ZnIn2S4-CdIn2S4-30 
composite exhibits a high product selection rate of 91%, gener-
ating 33.6 μmol CO, which is almost twice more than that of pure 

ZnIn2S4. Besides, the apparent quantum efficiency (AQE) of CO 
production is calculated to be 0.59%. The photocatalytic 
CO2-to-CO reduction efficiency of ZnIn2S4-CdIn2S4 material is 
comparable to that of other reported works in similar 
system.[30,49,53-56] Nevertheless, when the hydrothermal reaction 
time is extended to 45 or 60 min, the introduction of excessive 
CdIn2S4 reduces the activity of the composites. The outstanding 
CO2 reduction performance of the ZnIn2S4-CdIn2S4 photocatalyst 
should be mainly ascribed to the heterostructure between 
ZnIn2S4 and CdIn2S4, which can not only provide larger surface 
area and abundant active sites for CO2 adsorption and surface 
redox catalysis, but also promote the separation and migration of 
photo-induced charge carriers. 

Furthermore, a series of control experiments are performed to 
demonstrate the functions of CO2 photoreduction system (Figure 
4b). Fewer CO is produced without the presence of [Co(bpy)3]2+ 
(Figure 4b, column 2), indicating that [Co(bpy)3]2+ can remarkably 
enhance the photocatalytic activity of pristine semiconductor 
photocatalysts for heterogeneous CO2 conversion.[57] No CO and 
H2 are produced in the absence of TEOA (Figure 4b, column 3), 
suggesting that sacrificial agent can inhibit the reverse reaction, 
thus promoting the CO2 photo-reduction reaction. No gas prod-
ucts are detected under dark condition (Figure 4b, column 4), 
implying the photocatalytic nature of the reaction. In addition, 
when Ar is employed as the gas source, H2 is the only gaseous 
product in the reaction system (Figure 4b, column 5), which in-
dicates that CO originates from the CO2. To get deep insights into 
the carbon source of produced CO, we conducted 13C-labelled 
isotropic experiment under the identical photo-reaction condi-
tions. As shown in Figure 4(c–d), the peak with the m/z value of 
29 in the results of GC-MS analysis is assigned to 13CO. This test 
powerfully verifies that the generated CO stems from the CO2 
rather than from other organic substances in the hybrid chemical 
system.[58] 

The time-yield plots of the products are illustrated in Figure 4e. 
As revealed, the production of CO2 increases roughly linearly in 
the first two hours. However, the reaction rate slows down for the 
next few hours as the concentration of reactants decreases. After 
photoreduction for six hours, the overall yield of CO2 reaches 65 
μmol. The catalytic activity of ZnIn2S4-CdIn2S4 for CO2 photore-
duction is further studied under different illumination wavelengths. 
As shown in Figure 4f, the tendency of gas evolution is in good 
agreement with the optical absorption spectrum of the ZnIn2S4- 
CdIn2S4-30 material. This observation reveals CO2 reduction 
reaction is triggered by photoexcitation of the ZnIn2S4-CdIn2S4-30 
catalyst to achieve charge generation, separation and subsequ- 

Figure 3. (a) N2 adsorption-desorption isotherms (inset is the corresponding pore-size distribution plot of ZnIn2S4-CdIn2S4), (b) CO2 adsorption iso-
therms and (c) LSV curves of ZnIn2S4 and ZnIn2S4-CdIn2S4. 

Figure 4. (a) CO2 photoreduction activities of different samples, (b) CO2 
reduction performance under various conditions, gas chromatography (c) 
and mass spectra analysis (d) of CO generated from the 13CO2 isotope 
experiment. (e) Time-yield plots of products, and (f) CO/H2 production 
under light irradiation of different wavelengths.  
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ent tandem electron transfer catalysis.[59,60] 

We also examine the stability and reusability of ZnIn2S4- 
CdIn2S4, which are highly important for its advanced development. 
After photocatalytic experiments, the ZnIn2S4-CdIn2S4 is sepa-
rated from the reaction mixture, washed with ethanol, and dried 
in air. The used sample is employed for later photocatalytic CO2 
reduction operations. As presented in Figure S4a, in the third 
recycle some deactivation was observed, but thereafter the 
ZnIn2S4-CdIn2S4 solid exhibits brilliant activity stability, disclosing 
its high reusability for the CO2 photo-fixation reaction. XRD is 
carried out to further confirm the stability of the catalyst. As indi-
cated in Figure S4b, compared with the fresh ZnIn2S4-CdIn2S4 
material, the diffraction peaks of the used sample are almost 
unchanged. The results also suggest the high structural stability 
of catalyst. 

Photoelectrochemical characterizations are performed to elu-
cidate the high CO2 reduction performance of ZnIn2S4-CdIn2S4 
heterojunction photocatalyst. First, the specific charge carrier 
dynamics of ZnIn2S4 and ZnIn2S4-CdIn2S4 particles are probed 
by time-resolved photoluminescence (PL) spectroscopy (Figure 
5a). After compositing with CdIn2S4, the average emission life-
time of ZnIn2S4-CdIn2S4 is longer, indicating that ZnIn2S4-CdIn2S4 
can provide more photo-induced carriers in the photocatalytic 
reduction process.[61] As revealed in Figure 5b, a clear PL 
quenching is detected for the ZnIn2S4-CdIn2S4 sample compared 
with pare ZnIn2S4, proving that the recombination rate of pho-
toinduced charge carriers is prohibited.[62] Meanwhile, we carried 
out electrochemical impedance spectra (EIS), as shown in Figure 
5c. ZnIn2S4-CdIn2S4 manifests a smaller semicircle, suggesting a 
lower charge-transfer resistance in the heterostructures, which 
permits the fast transport and separation of photoinduced 
charges.[63,64] Moreover, the transient photocurrent spectra 
demonstrate that ZnIn2S4-CdIn2S4 can deliver an evidently 
strengthened photocurrent response compared with the naked 
ZnIn2S4 (Figure 5d), revealing the enhanced transfer of charge 
carriers in the composite.[65,66] The above results suggest that the 
ZnIn2S4-CdIn2S4 hierarchical can facilitate the separation and 

transport of photoinduced charges, thus accordingly improving 
the CO2 photoreduction performance. 

By combining the results of bandgaps and Mott-Schottky 
curves (Figure 6a, b), the conduction band (CB) and valence 
band (VB) positions of ZnIn2S4 and CdIn2S4 are calculated to be 
−0.93, 1.34, −1.00 and 0.98 V (vs. normal hydrogen electrode, 
NHE, pH = 7), respectively.[67,68] Hence, the redox potentials of 
ZnIn2S4-CdIn2S4 composite are suitable for CO2 photo-reduction 
reaction. The possible photocatalytic CO2 reduction process over 
ZnIn2S4-CdIn2S4 is depicted in Figure 6c. When exposed to visi-
ble light, ZnIn2S4 and CdIn2S4 semiconductors can be excited to 
give off electrons in CB, remaining holes in VB, respectively. 
Owing to the favorable heterojunction and intimate interfacial 
contact between ZnIn2S4 and CdIn2S4, the generated electrons 
can easily transfer from the CdIn2S4 to ZnIn2S4, and then further 
reduce the adsorbed CO2 to produce CO.[55,69] In the meantime, 
the holes accumulated in the VB of CdIn2S4 are consumed by 
TEOA, and the whole redox reaction of the photocatalytic system 
is thus completed. 

n CONCLUSION  
In summary, the ZnIn2S4-CdIn2S4 heterostructures with flake 
microspheres are synthesized using a simple ion exchange 
method for efficient reduction CO2 in visible light. After combining 
with CdIn2S4, ZnIn2S4-CdIn2S4 exhibits large surface area, pref-
erable light absorption, and accelerated separation of photoex-
cited charges tested by a series of instruments. Therefore, 
ZnIn2S4-CdIn2S4 hybrid exhibits considerable performance for 
CO2 deoxygenation with a high CO evolution rate of 33.57 
μmol·h-1 and selection rate of 91%. This work may encourage 
further studies on the design and construction of complex semi-
conductor-based photocatalysts for photocatalytic CO2 reduction 
toward the sustained solar fuel generation. 

n EXPERIMENTAL 
Synthesis of Materials. All reagents were obtained from com-
mercial sources and used without further purification. 

Synthesis of ZnIn2S4. 15.2 mg Zn(Ac)2·2H2O, 48 mg 

Figure 6. Mott-Schottky plots of (a) ZnIn2S4 and (b) CdIn2S4. (c) Proposed 
CO2 photoreduction mechanism over ZnIn2S4-CdIn2S4 microspheres. 

Figure 5. (a) Time-resolved transient PL decay, (b) Steady-state PL 
spectra under excitation wavelength of 468 nm, (c) EIS spectra, and (d) 
transient photocurrent spectra of ZnIn2S4-CdIn2S4 and ZnIn2S4. 
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In(NO3)3·XH2O and 64 mg L-cysteine hydrochloride were dis-
solved in 15 mL ethanol and 5 mL glycol with magnetically stirring 
for 30 min. Then, the homogeneous solution was transferred into 
a 25 mL Teflon-lined stainless-steel autoclave and maintained at 
160 ℃ for 5 h in an electric oven. After the temperature was 
cooled to room temperature, the precipitate was collected, 
washed and dried, yielding the yellow ZnIn2S4 product. 

Synthesis of ZnIn2S4-CdIn2S4. Conversion of ZnIn2S4 to 
ZnIn2S4-CdIn2S4 was realized via an efficient cation exchange 
method. The ZnIn2S4 was dispersed in 9 mL ultrapure water, 
followed by the addition of 1 mL of CdCl2 solution (0.1 M). The 
resultant mixture was stirred for 30 min and then maintained at 
120 °C for 15, 30, 45 and 60 min, respectively. Afterwards, the 
obtained yellow-green precipitates were filtrated, washed with 
H2O and ethanol, dried overnight in an oven at 60 °C. The prod-
ucts obtained were designated as ZnIn2S4-CdIn2S4-15, ZnIn2S4- 
CdIn2S4-30, ZnIn2S4-CdIn2S4-45 and ZnIn2S4-CdIn2S4-60, respec-
tively. 

Synthesis of CdIn2S4. In a typical process, the precursor solu-
tions of Cd(NO3)2·4H2O, In(NO3)3·4H2O, and thioacetamide (TAA) 
with the molar ratio of 1:2:4 were dissolved in ethylene glycol, 
followed by stirring for 40 min using magnetic stirrer. The ob-
tained homogeneous phase solution was transferred into a 100 
mL Teflon-lined stainless-steel autoclave and maintained at 
160 °C for 12 h. After the reaction was completed, the autoclave 
was naturally cooled to room temperature. The resulting precipi-
tates were fully purified and rinsed six times with ethanol and 
deionized water, and then dried in air at 60 °C for 8 h. 

Characterization of Materials. The crystal phases of the sam-
ples were analyzed by X-ray diffraction (XRD) on a Bruker D8 
Advance instrument (CuKα irradiation, λ = 1.5406 Å). The mor-
phology and structure of the samples were examined by field 
emission scanning electron microscope (FESEM; JEOL-6700) 
and transmission electron microscope (TEM; JEOL, JEM-2010). 
The TEM instrument was employed to capture elemental map-
ping images and X-ray spectroscope (EDX). N2 and CO2 adsorp-
tion isotherms were collected on an ASAP2020M apparatus. The 
samples were degassed in vacuum at 100 °C for 6 h, and then 
measured at 77 and 273 K to determine N2 and CO2 adsorption, 
respectively. UV-vis diffuse reflectance spectra (DRS) were ob-
tained on a Varian Cary 500 UV-Vis-NIR spectrophotometer with 
BaSO4 as a reflectance standard. X-ray photo-electron spec-
troscopy (XPS) was carried out on a PHI Quantum 2000 XPS 
system with C 1s binding energy (284.6 eV) as the reference and 
He I excitation energy (21.22 eV) as the monochromatic light 
source. Photoluminescence (PL) characterizations were carried 
out on a Hitachi F-7000 spectrophotometer at room temperature. 
The electrochemical analysis was carried out on CHI600E Elec-
trochemical System, using a conventional three-electrode cell 
with Pt plate and Ag/AgCl electrode as the counter and reference 
electrodes, respectively. An Agilent 7890B gas chromatograph 
(GC) equipped with a thermal conductivity detector (TCD) and a 
packed column (TDX-01) was utilized to analyze and quantify the 
gases produced from the CO2 photoreduction system using Ar as 
the carrier gas. An HP 5973 gas chromatography-mass spec-
trometer (GC-MS) was employed to analyze the gaseous prod-
ucts generated from the 13CO2 (97% enriched) isotopic experi-

ment and to determine whether other potential products were 
generated in the liquid phase. 

Photocatalytic CO2 Reduction Testing. In the typical photo-
catalytic CO2 reduction reaction, 4 mg of photocatalysts, 200 
μmol of bipyridine (bpy), 4 μmol of CoCl2, 2 mL of triethanol- 
amine (TEOA), 2 mL of H2O and 8 mL of acetonitrile (MeCN) 
were added into a 160 mL reactor. Then, high purity CO2 was 
introduced into the reactor with a partial pressure of 1 atm. A 
300W Xe lamp with a 420 nm cutoff filter was used as the light 
source. The temperature of the reaction system was kept at 
30 °C. During photocatalytic process, the reaction system was 
vigorously stirred with a magnetic stirrer. After reaction, the gen-
erated products were quantified by an Agilent 7890B gas chro-
matograph. 
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