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A B S T R A C T   

In this work, a heterojunction of SnO2 nanodots embedded on K-doped carbon nitride (CN) was prepared via wet 
chemistry and two-step calcination processes for photoreduction of CO2. Experiments and theoretical calcula
tions confirmed that both of SnO2-embedding and KSCN-assisted re-calcination could enhance visible light ab
sorption and facilitate photogenerated charge separation, enabling constructed SnO2/K-CN had good CO2 
adsorption and activation performances. The optimized photocatalyst loaded with 1.92 wt% SnO2 displayed high 
CO2 reductive activity with CO and CH4 yields of 80.4 and 1.4 μmol g− 1, respectively after 3 h in the presence of 
0.5 mL water. Such CO2 reductive activity was not reduced in four repeated tests within the 45 day period. This 
work provides a new method to construct CN-based heterojunction for enhancing CO2 reductive capacity and 
stability.   

1. Introduction 

Conversion of CO2 to useful chemicals via photocatalytic process is a 
sustainable approach to mitigate the greenhouse effect [1–4]. Among 
the derived chemicals (e.g., CO, CH4, and CH3OH, ethanol), CO pro
duced via two-electron reduction of CO2 can integrate to the Fischer- 
Tropsch synthesis to produce syngas, presenting fascinating applica
tions. Employing cheap photocatalysts for efficient reducing CO2 to CO 
are expected. These photocatalysts should have strong light utilization, 
efficient charge separation, high CO2 adsorption/activation and CO 
selectivity performances. 

In the developed photocatalysts, carbon nitride (CN) is extensively 
used to photoreduce CO2 owing to its facile synthesis, tunable structure, 
and appropriate band gap [5–8]. However, the structural defects of fast 
electrons-holes recombination and low visible light absorption impair its 
photocatalytic performance. Thus, various strategies like morphology/ 
defect/doping engineering, copolymerization, and heterostructure 
construction were adopted to modify CN for facilitating charge separa
tion and enhancing catalytic performance [9–20]. In addition, in order 
to avoid CN decomposition during CO2 reduction, enhancing its crys
tallnity was proposed [21,22]. Our previous work found that re- 

calcination CN with KSCN could enhance its structural order and 
avoid its decomposition, meanwhile, the CO2 adsorption and reduction 
performance were increased [23]. 

CN with two-dimensional nanosheet morphology and larger surface 
area is a promising support to load active species. Its pyridinic N with 
lone pair electrons in heptazine rings can capture metal ions. Based on 
the structural features of CN, many metal atoms, metal nanoparticles, 
and metal oxide/sulfide/phosphide have loaded/anchored on CN via 
wet chemistry and calcination steps for enhancing its photocatalytic 
performances [24–29]. Among the used various metal species in CO2 
reduction, Sn-based materials arouse many interest due to its low cost, 
nontoxicity, and high selectivity toward CO [30]. Tian et al. prepared S- 
doped CN/SnO2-SnS2 nanojunction to photoreduce CO2 [31]. The yields 
of CO and CH4 reached to 21.68 and 22.09 μm g− 1 h− 1, respectively. Liu 
et al. prepared carbon dots-doped CN/SnS2 heterojunction to reduce 
CO2 via gas–liquid process. They confirmed that formation of g-C3N4/ 
SnS2 could increase CO2 adsorption and promote the electrons-holes 
separation [32]. In addition, Ag-loading [33], Sb-doping [34], and 
diazanyl modification [35] were also employed to improve CO2 reduc
tion performance of the SnO2/CN, but they still showed inferior CO2 
reduction activity. Employing new strategies to prepare and decorate 
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SnO2/CN for efficient photoreduction of CO2 is still pursuit. 
It has been confirmed that more reactive sites can be constructed by 

decreasing the size of active species [36]. Controlling the interface 
structures of two semiconductors for maximizing their contact surfaces 
is benefit for charge transfer [37]. Zhang et al. embedded SnO2 nanodots 
on CN nanosheets [30] via calcining SnCl2 and melamine mixture, and 
demonstrated that p-p orbital couplings of SnO2 and CN could facilitate 
electron transfer and electroreduce CO2 to formate. Based on above 
discussion, it is expected that in situ embedding small-sized SnO2 par
ticles on CN nanosheets followed by calcination with KSCN can not only 
achieve effective contact between them to promote electrons-holes 
separation, but also provide abundant active sites to adsorb and acti
vate CO2. But, there are no reports regarding this until now. 

Herein, a heterojunction of SnO2 nanodots embedded on K-doped CN 
(K-CN) was prepared via impregnation and two-step calcination steps. 
Benefiting from the pyridine N in heptazine rings, the Sn2+ ions and then 
SnO2 dots could tightly anchor on nanosheets. After second calcination 
with KSCN, the K+ ion was introduced in CN, and the resulted SnO2/K- 
CN sample with SnO2 content of 1.92 wt% exhibited excellent CO2 
reductive performance and stability in the presence of water, with CO 
yield of 80.4 μmol g− 1 in 3 h light irradiation. The enhanced CO2 
reduction mechanism was unveiled. 

2. Experimental section 

2.1. Preparation of SnO2/K-CN photocatalyst 

CN was synthesized via pyrolysis of melamine-cyanuric acid super
molecular at 600 ◦C for 3 h. The detail steps were provided in supple
mentary materials. Sn species was anchored on CN nanosheets via 
impregnation and calcination processes (Fig. 1a). Specifically, 6 μmol 
SnCl2 was dispersed in 100 mL distilled water under stirring, then 50 mg 
CN were added and stirred for 12 h. Afterward, the suspension was 
transferred to an autoclave and kept at 160 ◦C for 10 h. After natural 
cooling, the solid was collected, washed with water, and dried at 60 ◦C. 
Finally, the powder was calcined at 400 ◦C for 2 h under N2 atmosphere, 

and was denoted Sn/CN. SnO2 was prepared with the same process but 
without addition of CN. 

60.0 mg of Sn/CN and 60.0 mg KSCN were mixed and calcined at 
300 ◦C for 2 h in a tube furnace. The obtained powder was thoroughly 
washed with water, dried at 60 ◦C, and was labeled SnO2/K-CN. Control 
sample of K-CN was prepared with similar steps but mixing CN and 
KSCN. 

2.2. Photocatalytic CO2 reductive test 

CO2 reduction test was carried out in a 370 mL closed glass reactor 
(Labsolar-6A, Perfectlight Co., Beijing). 10.0 mg catalyst was dispersed 
in water, then coated on the FTO and dried. The FTO was put on a quartz 
support (the height was 5.5 cm). 0.5 mL distilled water was added into 
the reactor. Afterward, the reactor was vacuumed and filled with high- 
purity CO2 for the pressure up to 80 kPa. A 300 W Xenon lamp was used 
as light source. The circuit cooling equipment was maintained at 10 ◦C. 
The products were analyzed by a gas chromatograph (Techcomp GC 
7900). In the stability test, the used catalyst was recovered, washed with 
distilled water, and dried before the next test. 

3. Results and discussion 

3.1. Structural characterization 

Scanning electron microscopy (SEM) image revealed the CN had 
nanosheet morphology (Fig. S1). Transmission electron microscopy 
(TEM) image demonstrated the Sn/CN still had nanosheet structure 
(Fig. 1b), but some dispersed black dots were observed on nanosheests. 
When Sn2+ was dispersed in distilled water and reacted at 160 ◦C for 10 
h, the obtained product was SnO2, as verified by its X-ray diffraction 
(XRD) pattern (Fig. S2). So, the loaded particles on the nanosheets of Sn/ 
CN might be Sn oxide. After re-calcination Sn/CN with KSCN, nanodots 
with sizes of about 3.0–7.0 nm were observed in nanosheets of SnO2/K- 
CN, as shown in its TEM image (Fig. 1c). In the HRTEM image of SnO2/ 
K-CN, the lattice fringe with spacing of 0.336 nm was corresponded to 

Fig. 1. (a) Synthesis routes of the SnO2/K-CN, (b) TEM image of the Sn/CN, (c) TEM and (d) HRTEM images of the SnO2/K-CN sample.  

M. Zhai et al.                                                                                                                                                                                                                                    



Separation and Purification Technology 344 (2024) 127185

3

the (111) plane of SnO2 (Fig. 1d). The content of SnO2 in the SnO2/K-CN 
was 1.92 wt%, determined by an inductively coupled plasma-optical 
emission spectrometer. N2 adsorption–desorption isotherms of the 
samples were measured (Fig. S3), and the Brunauer-Emmett-Teller 
(BET) surface areas of Sn/CN and SnO2/K-CN were 106.1 and 92.5 m2 

g− 1, respectively, which were lower than the previously reported CN 
(132.2 m2 g− 1) [38]. It was likely that loading SnO2 and KSCN-assisted 
re-calcination weakened the dispersion of nanosheets. The pore volumes 
of Sn/CN and SnO2/K-CN were 0.38 and 0.31 cm2 g− 1, respectively. 

The structure of the samples was further analyzed based on XRD and 
X-ray photoelectron spectroscopy (XPS) measurements. In the XRD 
patterns (Fig. 2a), the peaks at 13.2◦ and 27.2◦ were assigned to (210) 
and (002) planes of CN, respectively. No diffraction peaks related to Sn 
species were observed in Sn/CN, which was attributed to the low con
tent and amorphous state of Sn oxide. Whereas, the diffraction peak of 
SnO2 at 52.0◦ (JCPDS No. 71–0652) was observed in pattern of SnO2/K- 
CN, indicating SnO2 is embedded on nanosheets. In addition, the char
acteristic peaks of melon in SnO2/K-CN become strong, implying its 
structure become orderly after calcination with KSCN [39]. In the XPS 
survey spectra, signals of C 1s, N 1s, O 1s, and Sn 3d were presented 
(Fig. S4). Because the peaks of K 2p and C 1s were overlapped, the signal 
of K 2p was not distinguish in survey spectrum. In the high-resolution 
XPS spectra, Sn 3d spectrum of SnO2 exhibited two fitting peaks at 
495.1 and 486.7 eV, which were assigned to the Sn 3d3/2 and Sn 3d5/2 of 
Sn4+, respectively [32]. These two peaks were also existed in the Sn 3d 
of SnO2/K-CN (Fig. 2b), but their binding energies negatively shifted, 
implying electrons can transfer from K-CN to SnO2. In addition, the C 1s 
spectrum of SnO2/K-CN was fitted into four peaks located at 284.4, 
286.0, 287.8, and 288.9 eV, respectively (Fig. 2c), which were attributed 
to adventitious carbon, C bonded to NHx, sp2 carbon in N− C = N, and C 
= O bond, respectively. In the O 1 s spectrum (Fig. 2d), the lattice ox
ygen (Sn− O), surface absorbed oxygen, and C = O group at 530.0, 
532.1, and 532.6 eV, respectively were found. In the N 1s spectrum 
(Fig. 2e), four peaks at about 398.2, 399.3, 400.8, and 403.8 eV, 

corresponding to N in C–N = C, C–NHx, and N–(C)3 groups, as well as 
π-excitation, respectively, were observed. K+ characteristic peaks at 
292.7 and 294.6 eV were observed in the K 2p spectrum (Fig. 2f). The 
above results suggest the successful embedding SnO2 on K-CN 
nanosheets. 

Fig. 3a is the ultraviolet–visible (UV–Vis) diffuse reflectance spectra 
of the obtained samples. The light absorption of CN in 300–800 nm 
largely increased after embedding SnO2 nanodots then second calcina
tion with KSCN, meanwhile, the absorption edge was red-shifted. These 
will facilitate photon excitation. Based to the Kubelka-Munk plots, the 
band gaps of SnO2 and K-CN were 3.01 and 2.86 eV, respectively 
(Fig. S5). Meanwhile, Mott-Schottky curves demonstrated that the flat 
band potentials of SnO2 and K-CN were − 0.76 V and − 0.91 eV (vs. Ag/ 
AgCl), respectively (Fig. S6). It was reported that the conduction band 
potentials (ECB) of n-type semiconductor is more negative (~− 0.1 eV) 
than its flat band potential with ENHE = EAg/AgCl + 0.197. Thus, the ECB/ 
valence band potentials (EVB) of SnO2 and K-CN were − 0.66/2.35 eV 
and − 0.81/2.05 eV, respectively. Based on these band potentials of SnO2 
and K-CN, it is inferred that the photogenerated electrons of K-CN can 
spontaneously diffuse to the CB of SnO2, while the holes in the VB of 
SnO2 can migrate to the VB of K-CN (Fig. 3b), then suppressing the 
recombination of electrons and holes. Such charge transfer at the SnO2/ 
K-CN interface was also illustrated by the differential charge density 
diagram (Fig. S7). As shown in Fig. 3c, the electrons were accumulated 
on SnO2, also implying that electrons can transfer from K-CN to SnO2. 
This is consistent with the XPS analysis. To further illustrate the charge 
separation performance of CN after modification, photo-electrochemical 
measurements were performed. As shown in Fig. 3d, the transient 
photocurrent increased in order of CN < Sn/CN < K-CN < SnO2/K-CN, 
indicating that embedding SnO2 and K-doping realized via re- 
calcination with KSCN can promote electrons and holes separation. In 
the electrochemical impedance spectrum (EIS) plots (Fig. 3e), SnO2/K- 
CN had the smallest Nyquist semicircle among the four samples, and K- 
CN took second place, also demonstrating the charge transfer resistance 

Fig. 2. XRD patterns of th obtained samples. High-resolution XPS spectra of (b) Sn 3d of the SnO2 and SnO2/K-CN; (c) C 1 s, (d) O 1 s, (e) N 1 s, and (f) K 2p of the 
SnO2/K-CN. 
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Fig. 3. (a) UV–Vis diffuse reflectance spectra of the obtained samples, (b) schematic diagram of band positions and charge transfer pathways of the K-CN and SnO2 
samples, (c) the calculated differential charge density diagram of SnO2/K-CN (K, C, N, O, and Sn atoms are represented by purple, light gray, brown, red, and grayish 
purple balls, respectively; The isosurface of charge density is set to 0.0004 e/Å3). (d) Photocurrent, (e) EIS, and (f) PL curves of the obtained samples. (For inter
pretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 

Fig. 4. (a) Comparison the yields of CO and CH4 under different catalysts catalysis after 3 h light irradiation, (b) Comparison the CO2 reduction performance of 
SnO2/K-CN with previously reported CN-based photocatalysts, (c) effect of Sn2+ dosage on CO2 reduction, (d) reusability of SnO2/K-CN in reduction of CO2. 
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decreased after increasing the order of melon structure and embedding 
SnO2 [23]. In addition, the photoluminescence (PL) spectra revealed 
that SnO2/K-CN exhibited the lowest PL emission peak compared to the 
other samples, implying the recombination of photogenerated charge is 
largely inhibited in SnO2/K-CN (Fig. 3f). It can be seen that coupling of 
SnO2, especially re-calcination with KSCN can facilitate photogenerated 
charge transfer and separation in CN. Thus, more holes and electrons 
could take part in protons formation and CO2 conversion reactions. 

3.2. CO2 reduction performance 

CO2 reduction tests were performed under full-spectrum irradiation 
without photosensitizers and sacrificial agents. Fig. 4a shows the 
evolved CO and CH4 yields after 3 h reaction under different samples 
catalysis. No products were detected using SnO2 and CN alone as cata
lyst owing to poor photogenerated charge separation. When 6 μmol Sn2+

was introduced to modify CN, the yields of CO and CH4 over Sn/CN were 
14.6 and 0 μmol g− 1, respectively. The CO2 conversion efficiency largely 
increased after re-calcination with KSCN, and the yields of CO and CH4 
under SnO2/K-CN catalysis reached to 80.4 and 1.4 μmol g− 1, respec
tively, which was 5.5 times higher than that of Sn/CN, and higher than 
those yields generated under K-CN catalysis (CO: 32.6 μmol g− 1 and 
CH4: 0 μmol g− 1) [40], and some of the previously designed catalysts 
(Table S1 and Fig. 4b). Correspondingly, the apparent quantum effi
ciency (AQE) of SnO2/K-CN at 400 nm was 7.0%, and the CO selectivity 
was 93.0%. In addition, optimal experiments confirmed that introducing 
6 μmol Sn2+ to form heterojunction with CN exhibited the best CO2 
reduction performance (Fig. 4c). For the reusability of SnO2/K-CN, as 
shown in Fig. 4d, the yields of CO and CH4 did not decrease during 
consecutive three cyclic tests. Moreover, the yields of CO and CH4 also 
not decrease after the sample was placed for 45 day. Meanwhile, 
compared to the fresh sample, no obvious changes were found in the 
XRD pattern of the used SnO2/K-CN (Fig. S8). All the fitting peaks were 
existed in the XPS spectra of the used sample (Fig. S9), and the corre
sponding binding energies not obviously change. No products were 
detected when SnO2/K-CN was used to catalyze CO2 reduction in N2- 
filled reactor or without light irradiation (Fig. S10). These results 
confirm that the SnO2/K-CN cannot self-decompose and has good ac
tivity and reusability in reduction of CO2. 

To explain the good CO2 reduction performance of SnO2/K-CN, its 
CO2 adsorption behavior was analyzed based on temperature pro
grammed CO2 desorption (CO2-TPD) curves and DFT calculation. As 
shown in Fig. 5a, only one peak centered at about 140 ◦C was observed 
in both samples, but the SnO2/K-CN showed slight larger CO2 desorption 
amount (0.0345 mmol g− 1) than that of Sn/CN (0.0317 mmol g− 1), 
implying re-calcination with KSCN then doping of K+ ions into melon 

can enhance its CO2 adsorption capacity. In our previous work, the free 
energy for adsorption of CO2 (ΔEads) on the K-CN was − 0.24 eV obtained 
by DFT calculation [40], whereas, the CO2 molecules adsorbed on the 
SnO2/K-CN yielded a more negative ΔEads of − 2.09 eV (Fig. 5b), indi
cating embedding SnO2 is favor for CO2 adsorption. Furthermore, the 
bond angle of CO2 adsorbed on SnO2/K-CN was changed to 172.5◦, and 
the C = O bond lengthened to 1.37 Å (1.17 Å in K-CN [40]), implying 
CO2 activation also become easy after embedding SnO2 on CN and re- 
calcination with KSCN. 

In order to determine the reductive pathways of CO2, the possible 
intermediates during CO2 reduction were determined via in situ diffuse 
reflectance infrared Fourier-transform (DRIFT) spectra measurement. As 
shown in Fig. 6, the characteristic peaks of CO2* (1249 cm− 1), CH3O* 
(1076 and 1136 cm− 1), *CH2 (1477 cm− 1), COOH* (1260 and 1598 
cm− 1), HCOOH* (1457 and 1540 cm− 1), CHO* (1706 cm− 1), and CO* 
(1940 and 2078 cm− 1) were observed [24,41–43]. Thus, the mechanism 
of CO2 reduction was proposed [44,45]. First, gaseous CO2 molecules 
are adsorbed on the K-CN. Under light illumination, K-CN and SnO2 
generate electrons and holes (Eq. (1)). The electrons gather on the SnO2, 
while the holes gather on the VB of K-CN driven by their band positions 
difference. Then, the holes oxide H2O to H+ (Eq. (2)), and the electrons 
transfer into the CO2* to form COOH* and CO* with H+, then CO is 
released (Eqs. (3)–(6)). On the other hand, a little of COOH* can grad
ually transform into HCOOH*, CHO*, CH3O*, and *CH2, then few CH4 is 
formed (Eqs. (7)–(11)).  

SnO2/K-CN + hν → electrons + holes                                                (1)  

H2O + 2 hole → 2H+ + 1/2O2                                                          (2)  

CO2 → CO2*                                                                                  (3)  

CO2* + H+ + electron → COOH*                                                     (4)  

COOH* + H+ + electron → CO* + H2O                                           (5)  

CO* → CO + *                                                                              (6)  

COOH* + H+ + electron → HCOOH*                                               (7)  

HCOOH* + H+ + electron → CHO* + H2O                                      (8)  

CHO* + 2H+ + 2 electron → CH3O*                                                (9)  

CH3O* + H+ + electron → *CH2 + H2O                                         (10)  

*CH2 + 2H+ + 2 electron → CH4                                                   (11) 

Control sample of SnO2 + K-CN was prepared via mixing SnO2, CN, 
and KSCN, which then calcined at 300 ◦C for 2 h, washed and dried. 
Experiment found that 53.6 CO and 1.47 μmol g− 1 CH4 were evolved 

Fig. 5. (a) CO2-TPD curves of Sn/CN and SnO2/K-CN samples, (b) Optimized configurations of CO2 adsorption on the SnO2/K-CN (inset is the bond length and bond 
angle of the adsorbed CO2). 
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under SnO2 + K-CN catalysis, lower than those yields of SnO2/K-CN 
(Fig. S11). Besides, sample of SnO2/CN obtained by calcining SnO2 and 
CN at 300 ◦C for 2 h only produced 20.2 μmol g− 1 CO in 3 h. Thus, the 
good CO2 reduction activity of SnO2/K-CN was attributed to (i) 
enhanced light absorption in 300–800 nm after SnO2-emdeding then re- 
calcination with KSCN; (ii) easily charge transfer and efficient electrons- 
holes separation via in situ formation of SnO2 on K-CN; (iii) good CO2 
adsorption and activation ability. 

4. Conclusions 

A new strategy of SnO2 nanodots in situ embedding and KSCN- 
assisted re-calcination was adopted to modify CN. The optimized 
SnO2/K-CN heterojunction coupling 1.92 wt% SnO2 exhibited good CO2 
reduction performance and stability. 80.4 CO and 1.4 μmol g− 1 CH4 
were evolved after 3 h light irradiation, which was 5.5 times larger than 
those yields of Sn/CN, and higher than that of CN (0). The high CO2 
reduction capacity was attributed to the synergism of SnO2-embedding 
and KSCN-assisted re-calcination, as well as their intimate interface, 
increasing light absorption, making structure of CN more order, 
providing more electrons and holes, as well as high CO2 activation 
ability. This work provides a new CN-based heterojuction for over
coming structural defects of CN, increasing its photo-reduction 
performance. 
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