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Abstract 

Differing from the photocatalysis of liquid contaminant, the capture of gaseous 

molecule is an essential factor on the photocatalytic activity because of the fast and 

random motion of gaseous molecule. TaS2 is a two-dimensional material with good 

conductivity and large specific area, which are beneficial to the adsorption of gaseous 

pollutant and the separation of photo-induced e--h+ pairs. Here, P25/TaS2 (P25: 

commercial TiO2) was synthesized for the first time to explore the effect of the addition 

of TaS2 on the photocatalytic degradation of gaseous acetaldehyde. It turned out that 

the existence of TaS2 provided two merits: on the one side, the adsorptive capacity of 

P25/TaS2 for gaseous acetaldehyde boosted greatly with the highest adsorptive amount 

of 234.4 mL, which was three times of that of P25 (76.4 mL); on the other side, the 

separation efficiency of e--h+ pairs of P25/TaS2 also increased extremely with the 

highest photo-current response of 15.5 µA/cm2, which was almost four times of that of 

P25 (4.2 µA/cm2). These two merits made P25/TaS2 have superior photocatalytic 

activity for the degradation of gaseous acetaldehyde with the highest removal ratio of 

98%, which was twice of that of P25 (48%). The cyclic experiments verified that 
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P25/TaS2 could keep excellent cycling stability after 6 cycles usage. In addition, proved 

by electron spin resonance (ESR) analyses and radicals quenching tests, superoxide 

radical was the decisive active species for the degradation of gaseous acetaldehyde 

compared with hydroxyl radical. Briefly, this work not only created the pioneer of the 

application of TaS2 in the photocatalytic field but also verified TaS2 an efficient co-

catalyst in gaseous photocatalysis. 

1 Introduction 

Photocatalysis has been regarded as an available technique to eliminate the 

detrimental pollutants like VOCs (volatile organic compounds), NOx, SOx, which were 

released into our atmosphere environment by various human activities. TiO2 is always 

the most fascinating photocatalyst due to its non-toxicity, abundance, good chemical 

stability [1-5]. Some reports verified that high removal ratio of Methyl Orange (MO) 

and Rhodamine B (RhB) could be achieved when applying TiO2 as photocatalysts in 

the liquid photocatalysis [6-8]. Differing from the traditional liquid pollutants like 

Methyl Orange (MO) and Rhodamine B (RhB), for gaseous photocatalysis, it is a 

challenge for bare TiO2 to capture the flexible molecules of gaseous pollutant. Hence, 

incorporating two-dimensional materials such as graphene, C3N4 with TiO2 has 

attracted much attention in the application of gaseous photocatalysis [9-14]. It turns out 

that gaseous formaldehyde and propylene could be effectively mineralized by 

graphene/TiO2 and C3N4/TiO2, respectively. Therefore, two-dimensional transitional 

metal dichalcogenides (TMDs) such as MoS2 and TaS2 could also have the potential to 

boost the activity of TiO2 in gaseous photocatalysis. 

Some reports had identified that the introduction of MoS2 could improve 

photocatalytic activity of TiO2 effectively [15, 16]. Compared with MoS2, TaS2 had 

much better conductivity, which was beneficial for the separation of photo-induced e--

h+ pairs. Taking advantage of the superior conductivity of TaS2, Wu et al. fabricated the 

micro-super-capacitor with ultrahigh volumetric capacitance of of 508 F/cm3 at 10 

mV/s and high energy density of 58.5 Wh/L [17]. Li et al. introduced a high density of 

atomic-scale pores into electrically conductive TaS2 nanosheets to achieve excellent 
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hydrogen evolution reaction (HER) activities [18]. These studies about TaS2 mainly 

focused on its superconductivity and electrocatalysis. TaS2 is a typical two-dimensional 

material with excellent conductivity and large specific surface area [17-19], which are 

the needed advantages of gaseous photocatalysis. However, so far as we know, there 

are still no reports focusing on the coupling of TaS2 and TiO2 in the photocatalytic field. 

Therefore, in this paper, P25/TaS2 was synthesized through electrostatic interaction, and 

its photocatalytic performance was tested by photodegrading gaseous acetaldehyde. 

Characterizations showed that the addition of TaS2 increased not only the separation 

efficiency of photoinduced electron-hole pairs but also the adsorptive amount of 

gaseous pollutant. Photo-current response was used to evaluate the separation 

efficiency of photoinduced electron-hole pairs, it turned out that P25/TaS2 had much 

larger photo-current density in comparison to bare P25. SBET and TPD (Temperature 

programmed desorption) tests were applied to assess the adsorptive capacity of the 

photocatalysts, the results revealed that the introduction of TaS2 could improve the 

physical and chemical adsorption of the photocatalysts for acetaldehyde simultaneously. 

As a result, P25/TaS2 exhibited superior photocatalytic ativity than bare P25, and the 

results showed that P25/TaS2 had the optimal removal ratio of 98%, which was much 

higher than that of P25 (48%). In addition, with the help of scavenger experiments, the 

role of active radicals was investigated. After the addition of TEMPO (scavenger 

reagent of hydroxyl radicals), a decrease of photocatalytic activity about 22% was 

observed. While after the addition of PBQ (scavenger reagent of superoxide radicals), 

the photocatalytic activity declined about 37%. Through combining scavenger 

experiments tests with ESR tests together, the results revealed that •O2
- was the main 

active radical, while •OH was the secondary one. This work turned out that coupling 

TaS2 with P25 was an efficient way to improve the photodegradation ratio of gaseous 

acetaldehyde, which expanded the application of TaS2 in photocatalysis field. 
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2 Experimental conditions 

2.1 Chemical materials 

P25 powder was supplied by Degussa company. n-butyllithium was supplied by Alfa 

Aesar. 2H-TaS2 was purchased from Aladdin Industrial Corporation. MoS2 was 

purchased from Shanghai Titan Scientific company. TEMPO (2,2,6,6-tetramethyl-1-

piperidinyloxy) was obtained from Aladdin Industrial Corporation, and so does PBQ 

(p-benzoquinone).  

2.2 The Chemical exfoliation of LixTaS2 and preparation of TaS2 nanosheets 

The 0.1 g 2H-TaS2 sample was soaked in 20 mL of 1.6 M n-butyllithium in hexane 

for 3 days. Then the powder was washed by hexane for three times. Finally the powder 

was dried under evacuated condition, and then LixTaS2 was obtained. Obtained LixTaS2 

sample was soaked in 200 mL distilled water and sonicated for 30 min with magnetic 

stirring. After sonication, exfoliated TaS2 nanosheets was produced and a transparent  

dispersion solution was formed. The obtained transparent dispersion containing 

exfoliated TaS2 nanosheets was centrifuged and wased by water for three times. Then, 

TaS2 nanosheets were obtained, Scheme 1 was the corresponding schematic of the 

formation procedure of TaS2 nanosheets.  

2.3 The synthesis of P25/TaS2  

Typically speaking, 3.5, 7, and 14 mg TaS2 was dispersed in 50 mL deionized water 

(pH=3) through ultrasonication. 0.35 g P25 was also dispersed in 50 mL deionized 

water (pH=3). Then, P25 suspension was dropped into the aforementioned TaS2 

suspension. Powder sample was obtain through centrifugation and drying. The obtained 

samples were noted as T1P, T2P, T4P, where T stood for TaS2 and P for P25, while 1, 2, 

4 stood for the weight ratio of TaS2 to P25 were 1, 2, and 4%, respectively. 
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2.4 Characterizations 

XRD specta were conducted on a X-ray diffractometer (BRUKER AXS GMBH, 

German). UV-Vis spectra were supplied by a Lambda 950 instrument. Specific surface 

area (SBET) was collected through a nitrogen adsorption instrument (ASAP 3000). 

Photoluminescence (PL) measurements were conducted on a Luminescence instrument 

(LS-55). Magellan 400 (SEM) was used to disclose the surface morphologies of obtain 

samples. HRTEM images were collected on JEM-2100. Microlab 310F was applied to 

offer X-ray photoelectron spectroscopy spectra (XPS). TPD (Temperature programmed 

desorption) measurements were supplied by a gas adsorption apparatus (PCA-1200). 

Zeta potential measurements were supplied by a zetaPLUS instrument (Brookhaven 

Instruments). Electron spin resonance measurements (ESR) were supplied by a JES-

FA200 instrument. EIS (Electrochemical impedance spectroscopy) measurements were 

carried out on a three electrode system (CHI 660D), and so do photo-current 

measurements. AFM measurement was conducted on NT-MDT (NTEGRA, Russia). 

GC-MS (Gas Chromatography-Mass Spectrometer) analysis was couducted on TSQ 

8000 Evo. Scavenger experiments were conducted by applying PBQ and TEMPO to 

qunch the related •O2
- and •OH. 

2.5 Measurement of photocatalytic activity 

Gaseous acetaldehyde was selected as targeted pollutant to evaluate the 

photocatalytic activity. Gas chromatography was used to monitor the concentration of 

targeted pollutant, the corresponding test system was shown in Scheme 2. Fig. S1 was 

the related adsorption-desorption curves. The reaction chamber was a cuboid-shaped 

vessel with the size of 15 cm × 8 cm × 1 cm, and its upper surface was sealed by quartz 

pane. The catalytic particles were coated onto a glass slide with the size of 12 cm × 5 

cm for immobilization. The starting concentration of targeted pollutant was 500 (±10) 

ppm, the related flow flux was fixed at 20 sccm, and it was constant which was achieved 

by flowmeter controller. The removal ratio (X) of targeted pollutant was labeled as 
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X=(1−C/C0)×100%, in which C0 was the starting concentration, while C represented 

the real-time concentration of targeted pollutant (Illuminant: a 260 W fluorescent lamp).  

3 Results and discussions 

3.1 Characterizations of bulk and exfoliated TaS2 

The phase structure of bulk and exfoliated TaS2 was disclosed by Raman and XRD 

analysis. As shown in Fig. 1a (Raman spectra), for exfoliated TaS2, the relative intensity 

of the peak located at 287 cm-1 decreased a lot, which indicated the exfoliated TaS2 had 

thinner thickness compared with bulk TaS2. Meanwhile, after exfoliation, the peak 

located at 190 cm-1 of bulk TaS2 shifted to 203 cm-1, this also indicated that the thickness 

of TaS2 became thinner during the exfoliated process [20]. Fig. 1b is the XRD spectra 

of bulk and exfoliated TaS2, which were both assigned to 2H-TaS2, and the intensity of 

the main peak located at 2θ=14.6o declined a lot after exfoliation. In addition, compared 

with bulk TaS2, it was noticed that some XRD diffraction peaks vanished in exfoliated 

TaS2. XRD results also indicated that the obtained TaS2 was in the form of thinner 

nanosheets [21]. Furthermore, the SEM images of bulk and exfoliated TaS2 were 

displayed in Fig. 2a, b, as shown in Fig. 2b, the thickness of exfoliated TaS2 was about 

9.5 nm. Fig. 2c was the AFM image and corresponding height profile, a TaS2 sheet with 

a thickness of 6 nm was clearly observed. Namely, the thickness of exfoliated TaS2 

sheets was in nano-scale compared with bulk TaS2. It was obvious that it is consistent 

with aforementioned Raman and XRD results. 

 
Scheme 1. Schematic of the formation procedure of TaS2 nanosheet 
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Scheme. 2 schematic of the adsorption and photocatalytic process 

 

 

 

 

Fig. 1 (a) Raman spectra of bulk TaS2 and exfoliated TaS2 (b) XRD spectra of bulk TaS2 and 

exfoliated TaS2 
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Fig. 2 (a) SEM images of bulk TaS2 (b) SEM images of exfoliated TaS2 (c) AFM image and 

corresponding height profile of exfoliated TaS2 

3.2 Characterizations and surface morphologies of TXP (X=1,2,4) 

  As shown in Fig. 3a, the charactristic peaks of anatase and rutile TiO2 were observed 

in all samples, because P25 itself was mixed phase structure (70% anatase + 30% rutile). 

No TaS2 XRD characteristic peaks were observed in T1P and T2P (Fig. 3a), this could 

be ascribed to the small content of TaS2. With the content of TaS2 increasing to 4%, as 

shown by the red circle of Fig. 3a, the main peak of TaS2 located at 2θ=14.6o was 

observed in sample T4P. As is well known, the detection sensitivity of XRD tests is 
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approximately 5%, so that TaS2 could be detected only in T4P. While X-ray 

photoelectron spectroscopy (XPS) is a more sensitive technique for the detection of 

chemical element. As shown in Ta4f XPS spectra of P25 (Fig. 4a), there were no Ta4f 

XPS peaks observed, and it was clearly understandable. While for the Ta4f XPS spectra 

of T2P, two XPS peaks centered at 24.77 eV and 22.99 eV were observed, which could 

be ascribed to the XPS characteristic peaks of Ta4+ [22]. Similarly, in Fig. 4b, no S 

element existed in P25, while the XPS characteristic peaks of S2- (161.88 eV and 162.95 

eV) were observed in T2P [23]. Briefly, the existence of TaS2 in T2P was clearly proved. 

  The interaction between TaS2 and P25 was investigated by Raman spectra. As shown 

in Fig. 3b, five Raman peaks (144, 197, 399, 519, and 639 cm-1) were observed, which 

could be ascribed to characteristic Raman bands of anatase TiO2 [24], it is in good 

accordance with aforementioned XRD results. Fig. 3c is the partial enlarged Raman 

spectra of Fig. 3b, the Raman peak at 144 cm-1 of TXP (X=1, 2, 4) had a blue shift 

compared with that of P25. It was an indication of residual stress at the contact interface 

of TaS2 nanosheets and P25 nanoparticels [25]. This verified the close interaction 

between TaS2 nanosheets and P25 nanoparticels. XPS was also a powerful tool to 

explore the interaction between TaS2 and P25. As shown in Fig. 4c, there were two 

peaks in O1s XPS spectra, the one peak (529 eV) was the indication of Ti-O bond of 

TiO2 , while the other peak (531 eV) attributed to Ti-OH bond of TiO2 surface [26]. 

Besides, compared with P25, there was a 0.1-0.2 eV shift for T2P in O1s XPS spectra. 

This indicated that the existence of TaS2 was benefical to the electron transfer of T2P. 

As for Ti2p XPS spectra of P25 and T2P (Fig. 4d), there were no obvious difference 

observed. The two Ti2p XPS peaks (458.48 eV, 464.17 eV) were an evidence of the 

existence of Ti4+ [27]. Furthermore, there were characteristic XPS bands of Ti3+or Ti2+ 

observed, which indicated the introduction of TaS2 had no influence on the valence state 

of Ti element. As shown in Fig. S2, there were only C, Ti, O XPS peaks observed, which 

meant there were no other impurities in prepared sample. At the same time, no Ta and 

S XPS peaks were observed in T2P. This could be explained by the low content of TaS2 

and the small amount of TaS2 was wrapped closely by P25 nanoparticles (Fig.5). 
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However, high-resolution XPS spectra still verified the existence of Ta and S in T2P 

(Fig. 4a, b). Similar results could also be obtained from FTIR spectra. As shown in Fig. 

S3 (FTIR spectra), there were four FTIR bands. the band (3419 cm-1) was beacause of 

O-H bonds of water. While the peak (1630 cm-1) was due to the bending vibration of 

water molecules, the bands (581 cm-1, 647 cm-1) were the indication of Ti-O and Ti-O-

Ti bonds of TiO2 lattice [28]. To sum up, the close coupling between TaS2 nanosheets 

and P25 nanoparticels was proved by Raman and XPS analysis. 

 

Fig. 3 (a) XRD spectra of P25, T1P, T2P and T4P (b) Raman spectra of P25, T1P, T2P and T4P 

(c) Enlarged Raman spectra of P25, T1P, T2P and T4P at 144 cm-1 
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Fig. 4 (a) XPS spectra of Ta4f of P25 and T2P (b) XPS spectra of S2p of P25 and T2P (c) XPS 

spectra of O1s of P25 and T2P (d) XPS spectra of Ti2p of P25 and T2P 

  

 In order to obtain the coupled morphology between TaS2 nanosheets and P25 

nanoparticels, SEM and TEM were used to uncover it. As shown in Fig. S4, the smooth 

and thin TaS2 nanosheet was seen clearly, the inset was the corresponding selected area 

electron diffraction (SAED) image, which was consistent with aforementioned XRD 

results. As shown in Fig. S5, P25 was made of many nanoparticles with size of 20-30 

nm. For the T2P, as revealed by Fig. 5, whatever it is SEM (Fig. 5a, b) or TEM (Fig. 

5d, e) images, the coupled morphology that TaS2 nanosheet was tightly surrounded by 

many P25 nanoparticels was seen clearly. In addition, corresponding EDS mapping was 

applied to explore the element distribution, as shown in Fig. 5c, f, four elements (S, Ta, 

Ti, O) were almost in the same distribution shape. It was a proof of close coupling 
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between TaS2 and P25. Furthermore, it was easy to find that the P25 nanoparticles 

dispersed on the TaS2 nanosheets evenly. The carried charge of TaS2 and P25 was 

opposite in the synthesized progress (Fig. S6, PH≈3), so that they could integrate with 

each other closely. In a word, the close coupling between TaS2 and P25 in T2P was seen 

clearly through SEM and TEM. 

 

 

Fig. 5 (a) SEM image of T2P (b) Enlarged SEM image of T2P (c) Corresponding SEM EDS 

mapping image of T2P (d) TEM image of T2P (e) Enlarged TEM image of T2P (f) 

Corresponding TEM EDS mapping image of T2P 

3.3 The effect of various factors on photocatalysis 

  It is well-accepted that the light absorption and electron transfer of photocatalyst 

have great influence on its photocatalytic performance. As shown in Fig. 6a, the light 

absorption of TXP (X=1, 2, 4) slightly increased compared with that of P25, which 

should result from their slightly darkened appearance. In other words, there was almost 

no change in the light absorption of these samples. Then, the electron transfer of these 

samples would play the crucial role on their photocatalytic activity. PL tests is a feasible 

tool to estimate the activity of electron transfer. As revealed by Fig. 6b, compared with 

P25, TXP (X=1, 2, 4) exhibited much weaker PL intensity. Generally speaking, the 

lower PL intensity usually represented more efficient separation of photo-induced 
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electron-hole pairs [29]. In addition to PL tests, photo-current response was also an 

useful technique to monitor the separation of photo-induced electron-hole pairs [30]. 

As shown in Fig. 7a, TXP (X=1, 2, 4) exhibited much larger photo-current density in 

comparison to P25, which was in good agreement with PL results. However, it was easy 

to find that the PL intensity of T4P did not decrease anymore when the content of TaS2 

was up to 4%. Meanwhile, similarly, the photo-current density of T4P did not increase 

anymore. Both PL and photo-current tests indicated that excessive TaS2 loading was 

harmful to the separation of electron-hole pairs. Excessive TaS2 would act as 

recombination center should account for this phenomenon. Studies had proved that 

excessive Au loading would serve as recombination center[31-33], and the TaS2 used 

here was metallic 2H-TaS2, so excessive TaS2 could be recombination center. But, in 

general, the addition of TaS2 was beneficial for the efficient separation of electron-hole 

pairs. Electrochemical impedance spectroscopy (EIS) tests also verified this, as shown 

in Fig. 7b, the transfer resistance of charge could be reflected by the arc size of EIS 

curves. The smaller arc size generally corresponded to the lower charge transfer 

resistance [34]. Compared with TXP (X=1, 2, 4), the biggest EIS arc was observed in 

P25, which represented the slowest charge separation. In summary, through PL, photo-

current and EIS tests, TXP (X=1, 2, 4) was proved to have the lower charge transfer 

resistance and faster separation of electron-hole pairs in comparison to bare P25, which 

were quite significant to improvement of their photocatalytic performance. 

 

Fig. 6 (a) UV-Vis spectra of P25, T1P, T2P and T4P (b) PL spectra of P25, T1P, T2P and T4P  
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Fig. 7 (a) Photo-current response of P25, T1P, T2P and T4P under AM1.5G irradiation (b) 

Electrochemical impedance spectroscopy tests of P25, T1P, T2P and T4P (c) TPD tests of P25, 

T1P, T2P and T4P by using 500 ppm acetaldehyde as the adsorptive gas  

  For the photocatalysis of gas phase, the adsorptive property of photocatalysts for 

gaseous pollutant also had a vital effect on their photocatalytic activity. SBET was 

generally considered as the indicator of the adsorptive property of photocatalysts for 

gaseous pollutants [35]. The larger the SBET value is, the more gaseous pollutant the 

photocatalyst could adsorb. Therefore, N2 adsorption tests was conducted to provide 

the SBET of these photocatalyst. As shown in Table 1, the measured SBET values were 

64, 72, 84, and 103 m2/g for P25, T1P, T2P, T4P, respectively. TXP (X=1, 2, 4) had the 

larger SBET value than P25. In addition, as the amount of TaS2 increased from 1% to 4%, 

the corresponding SBET increased from 72 m2/g to 103 m2/g. The increased SBET had a 

positive effect on the photocatalytic performance. However, SBET could only stand for 

the physical adsorption of photocatalyst. With aim to figure the adsorptive property out, 

TPD (temperature programmed desorption) tests was conducted to explore the chemical 

adsorption of the photocatalysts [36, 37]. As shown in Fig. 7c, for the adsorption of 

acetaldehyde, three TPD bands were observed in the spectra, which centered at 200, 

450, and 700oC, respectively. The band of 200oC was associated with the physical 

adsorption of photocatalysts, it possessed the lowest intensity among three peaks, which 

indicated that physical adsorption was the secondary adsorptive form of acetaldehyde. 

The other two bands located at 450oC and 700oC were related to the chemical 

adsorption. Their intensity was higher compared with the band of 200oC, which 
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indicated that chemical adsorption was the main adsorptive form of acetaldehyde. The 

higher the TPD intensity is, the stronger the adsorptive capacity is [38, 39]. It was easy 

to find that the TPD intensity of four photocatalysts was in the following order: T4P > 

T2P > T1P > P25, which was consistent with aforementioned SBET results. Whatever it 

is physical or chemical adsorption, both SBET and TPD results indicated TXP (X=1, 2, 

4) had more excellent adsorptive capacity for gaseous acetaldehyde than P25. 

Furthermore, the exact adsorptive amount of targeted pollutant could be calculated 

through the adsorption-desorption curve by utilizing mathematical integral (Fig. S1). It 

was already known that the flowing flux of targeted pollutant was about 20 sccm. Then, 

the adsorptive amount of targeted pollutant could be obtained. The detailed 

computational process was displayed in Fig. S7. The calculated results were also shown 

in Table 1, the adsorptive amount of acetaldehyde was 76.4, 119.6, 169.6, and 234.4 

mL for P25, T1P, T2P, T4P, respectively. It was worth noted that the SBET of TXP (X=1, 

2, 4) increased only 13% to 64% compared with P25, but with an improved adsorptive 

capacity of 56% to 301%, which proved the superior physical and chemical adsorption 

of TaS2. Briefly, TXP (X=1, 2, 4) had the superior adsorptive capacity for gaseous 

acetaldehyde, which was essential to the improvement of their photocatalytic 

performance. 

Table 1. SBET area and adsorptive property of P25, T1P, T2P and T4P  

Sample P25 T1P T2P T4P 

SBET (m2/g) 64 72 84 103 

Adsorptive amount of 

acetaldehyde (mL) 

76.4 119.6 169.6 234.4 
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3.4. The evaluation of photocatalytic performance 

  The photocatalytic activity of photocatalysts was monitored by the photodegradation 

of targeted pollutant, which was gaseous acetaldehyde. As shown in Fig. 8a, the 

removal ratio of acetaldehyde was 48, 92, 98, and 87% for P25, T1P, T2P, T4P, 

respectively. P25 had the lowest efficiency (48%), all TXP (X=1, 2, 4) samples had the 

higher photocatalytic activity than P25, which indicated coupling TaS2 with P25 could 

improve the photocatalytic performance efficiently. Besides, as shown in Fig. S8, 

P25/bulk TaS2 (2 wt%) had a photocatalytic performance of 55%, which was worse than 

that of TXP (X=1, 2, 4) samples (92%, 98% and 87%). The introduction of TaS2 into 

P25 mainly brought two advantageous aspects. On the one hand, the existence of TaS2 

elevated the separation efficiency of photoinduced electron–hole pairs (Fig. 6b, Fig. 7a), 

and also reduced the charge transfer resistance (Fig. 7b). On the other hand, the 

existence of TaS2 improved the adsorptive capacity for gaseous acetaldehyde of 

photocatalysts extremely (Table 1, Fig. 7c, Fig. S7). Among T1P, T2P and T4P, T2P had 

the highest photocatalytic performance (98%), which was twice as high as P25 (48%). 

In addition, with the gradually increased content of TaS2 from 1% to 4%, the 

photocatalytic activity firstly increased from 92% to 98% (T1P to T2P), then declined 

from 98% to 87% (T2P to T4P). In other words, T2P was the optimal sample. This 

should be attributed to the synergistic effect of separation efficiency of electron-hole 

pairs and adsorptive capacity of photocatalysts. When the content of TaS2 increased 

from 1% to 2% (T1P to T2P), separation efficiency of electron-hole pairs (Fig. 6b, Fig. 

7a) and adsorptive capacity of photocatalysts (Table 1, Fig. 7c, Fig. S7) both increased, 

then T2P (98%) had the better activity than T1P (92%). However, when the content of 

TaS2 increased from 2% to 4% (T2P to T4P), which accompanied with better adsorptive 

capacity (Table 1, Fig. 7c, Fig. S7) but lower separation efficiency (Fig. 6b, Fig. 7a), 

then T4P (87%) had the worse activity than T2P (98%).Furthermore, the reaction 

kinetics was explored by the pseudo-first-order kinetic model. The reaction kinetics was 

calculated through –ln(C/C0) = kt. As shown in Fig. 8b, the obtained constant k was 

0.01009, 0.03723, 0.05128, and 0.03091 min−1 for P25, T1P, T2P, T4P, respectively. 
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T2P had the largest reaction kinetics constant k (0.05128 min−1), which was five times 

larger than that of P25 (0.01009 min−1). It was in agreement with the photocatalytic 

performance tests (Fig. 8a). In order to know the byproducts of photocatalytic process, 

after the photocatalytic test, the powder sample was collected to do GC-MS (Gas 

Chromatography-Mass Spectrometer) analysis. As shown in Fig. S9, CH3CHO and 

HCOOH were identified, while CH3CHO was the applied targeted pollutant in our 

photocatalytic tests. In other words, HCOOH was the main byproduct for the 

photocatalysis of gaseous acetaldehyde. Furthermore, the photocatalysis of pure MoS2 

and P25/MoS2 (2 wt%) for gaseous acetaldehyde was measured for comparison (The 

synthesized process of P25/MoS2 (2 wt%) was similar to that of TXP). As shown in Fig. 

S10, pure MoS2 had no photocatalysis for gaseous acetaldehyde, while P25/MoS2 (2 

wt%) had a 70% removal ratio for gaseous acetaldehyde, which was inferior to that of 

T2P (98%). This identified that TaS2 could be a good candidate in the gaseous 

photocatalytic field. 

  In addition, two blank tests were carried out to explore whether bare TaS2 and light 

would lead to the degradation of targeted pollutant or not. The first one was that bare 

TaS2 served as the photocatalyst with other experimental condition unchanged. As 

shown in Fig. S11, the concentration of gaseous acetaldehyde was not changed at 

different time, which indicated bare TaS2 did not have photocatalytic activity at all. 

Another comparative experiment was conducted with light only but no photocatalysts. 

As shown in Fig. S12, the concentration of gaseous acetaldehyde was almost identical 

at different time, which indicated the irradiation light applied in the experiments would 

not give rise to the decomposition of acetaldehyde. These two comparative experiments 

verified that bare TaS2 and light would not lead to the degradation of acetaldehyde.  

  Taking the practical application into account, the excellent cyclic stability of 

photocatalysts is indispensable. Therefore, T2P was selected to the representative 

sample for the cyclic photocatalytic experiments. As shown in Fig. S13, we performed 

six cyclic experiment on T2P in two weeks. The results indicated that the photocatalyst 

could remain extremely high photocatalytic performance with no noticeable decrease 
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after sixth circulation, which ensured the photocatalytic stability and efficiency in the 

long-term practical application.  

 

Fig. 8 (a) The photocatalytic performance of P25, T1P, T2P and T4P for gaseous acetaldehyde 

(b) Kinetic constant calculation of P25, T1P, T2P and T4P  

 

Fig. 9 (a) •O2- ESR signals (b) •OH ESR signals (c) The quenching of •O2- and •OH of T2P by 

applying related PBQ and TEMPO 

3.5 The different roles of •O2- and •OH 

  With aim to figure the roles of •O2
- and •OH out, ESR and scavenger experiments 

analysis were carried out to detect the formation of •OH and •O2
-. As shown in Fig. 9a, 

b, all samples exhibited obvious ESR signals, which were the corresponding 

characteristic peaks of •O2
- and •OH [40, 41]. The ESR peaks of •O2

- were observed in 

Fig. 9a, while Fig. 9b was the ESR signals of •OH. Whatever it is •O2
- or •OH, TXP 
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(X=1, 2, 4) exhibited stronger ESR signals compared with P25, which indicated TXP 

(X=1, 2, 4) could produce more active radicals under the same illumination condition. 

Then, it is no wonder TXP (X=1, 2, 4) had superior photocatalysis compared with P25 

(Fig. 8a, b). However, it was easy to find that the signals of •O2
- (Fig.9a) were stronger 

than that of •OH (Fig. 9b) for all samples. It indicated that •O2
- might play the main 

role compared with •OH for the photodegradation of targeted pollutant. Therefore, 

scavenger experiments were carried out to further verify the role of •O2
- and •OH. As 

shown in Fig. 9c, T2P was selected as the representative photocatalyst to do the 

corresponding scavenger experiments. •O2
- (or •OH) was captured through taking PBQ 

(or TEMPO) as the related quenching reagent [41, 42]. The amount of scavenger 

reagents used here was enough to quench the related active radicals. As shown in Fig. 

9c, when •O2
- (or •OH) was captured, the related photocatalytic activity declined a lot, 

which indicated that both •O2
- and •OH played indispensable roles in the photocatalytic 

process. After the addition of TEMPO (scavenger reagent of hydroxyl radicals), a 

decrease of photocatalytic activity about 22% was observed (Fig. 9c, red line). While 

after the addition of PBQ (scavenger reagent of superoxide radicals), the photocatalytic 

activity declined about 37% (Fig. 9c, blue line). In other words, •O2
- played a more 

crucial part compared with •OH in the photocatalytic process of acetaldehyde. It was 

in good accordance with aforementioned ESR results (Fig. 9a, b). In summary, through 

combining scavenger experiments and ESR tests together, it came to a conclusion that 

both •O2
- and •OH played indispensable roles in the photocatalytic process, in which 

•O2
- played the dominating part, while •OH played the secondary one.  

  Finally, the schematic of efficient photodecomposition of gaseous acetaldehyde by 

TXP (X=1, 2, 4) was proposed. As shown in Fig. 10, TiO2 could produce photoinduced 

electron-hole pairs under the excitation of illuminant. Then, electron migrated to the 

CB (conduction band), and leave corresponding hole at VB (valence band). Due to the 

low transfer resistance of TaS2, photoinduced electrons would flow from TiO2 

nanoparticles to TaS2 nanosheets easily, then electron-hole pairs could be separated 

efficiently. After that, the superoxide radicals were generated by the combination 
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between electrons and oxygen (O2 + e-→ •O2
-). Similarly, the interaction between holes 

and water resulted in the generation of hydroxyl radicals (H2O + h+→•OH + H+). These 

two active radicals (•O2
- and •OH) both possessed strong oxidation capacity, which 

could mineralize organic pollutant into inorganic molecules. At the same time, the 

adsorption interaction had been established between acetaldehyde and photocatalyst. 

Subsequently, it would be decomposed into harmless inorganic molecules (CO2 and 

H2O) by the oxidation of the radicals (•O2
- and •OH). Here, for the photodegradation 

of gaseous acetaldehyde, •O2
- was the main active radical, while •OH was the secondary 

one. 

 

Fig. 10 Schematic of efficient photodecomposition of gaseous acetaldehyde by TXP (X=1, 2, 4) 

4 Conclusions 

  In summary, TXP (X=1, 2, 4) was synthesized through the simple electrostatic 

interaction between TaS2 nanosheets and P25 nanoparticles. On the one hand, revealed 
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by PL spectra, photo-current response, EIS spectra, with respect to P25, TXP (X=1, 2, 

4) had lower transfer resistance and higher separation efficiency of photoinduced 

electron-hole pairs. Especially, the photo-current response of the TXP (X=1, 2, 4) had 

increased 2-4 times compared with that of P25, which verified the excellent charge 

separation ability of TaS2. On the other hand, revealed by TPD tests, SBET, adsorptive 

capacity, TXP (X=1, 2, 4) had superior adsorptive capacity of gaseous acetaldehyde 

than P25. It was worth noted that the SBET of TXP (X=1, 2, 4) increased only 13% to 

64% compared with P25, but with an improved adsorptive capacity of 56% to 301%, 

which proved the superior physical and chemical adsorption of TaS2. These two 

advantages made TXP (X=1, 2, 4) have better photocatalytic performance than P25. 

The photocatalytic activity of photocatalysts was estimated through the 

photodegradation of acetaldehyde, the results showed that T2P had the optimal removal 

ratio of 98%, which was much higher than that of P25 (48%). In addition, with the aid 

of ESR and scavenger experiments, the role of active radicals was investigated. It turned 

out that •O2
- was the main active radical, while •OH was the secondary one. This work 

indicated that incorporating TaS2 with P25 was an efficient way to boost the 

photodegradation ratio of gaseous acetaldehyde, which expanded the application of 

TaS2 in photocatalysis field. 
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Fig. S1 The adsorption-desorption curves for blank container, P25, T1P，T2P and T4P  
(The adsorption process: Initially, as shown in Scheme 2, Gate 1 was open and Gate 2 

was closed, so the concentration of acetaldehyde detected by Gas Chromatography was 

fixed at 500±10 ppm. Then, Gate 1 was closed and Gate 2 was open for the adsorption 

process, which proceeded until the concentration of acetaldehyde returned to 500±10 

ppm. We regard the equilibrium between adsorption and desorption was reached. Here, 

the "Blank" curve in Fig. S1 stands for the total amount filled/attached in the pipeline 

and the reaction container.) 
 
 
 
 



1200 900 600 300 0

OAuger

Ti3p
Ti3s

C1s
Ti2s

 

 

In
te

ns
ity

(a
.u

.)

Binding energy (eV)

O1s

Ti2p

 

Fig. S2 XPS survey spectrum of T2P 
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Fig. S3 FTIR spectra of P25 and T2P 
 
 
 
 
 
 
 
 
 



 
 
Fig. S4 TEM image of bare TaS2 nanosheets (Inset is the corresponding selected area 
electron diffraction) 
 
 
 
 
 

 
Fig. S5 SEM image of bare P25 nanoparticles  
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Fig. S6 Zeta potential of TaS2 nanosheets and P25 nanoparticels  
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

Fig. S7 The adsorptive amount of acetaldehyde of P25, T1P, T2P and T4P  
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Fig. S8 The decomposition curve of gaseous acetaldehyde when applied P25/bulk TaS2 
(2 wt%) as the photocatalyst  
 
 

 
Fig. S9 GC-MS spectra of the collected powder sample  
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Fig. S10 The photocatalysis of pure MoS2 and P25/MoS2 (2 wt%) for gaseous 
acetaldehyde  
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Fig. S11 The decomposition curve of gaseous acetaldehyde when applied bare TaS2 as 
the photocatalyst  
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Fig. S12 The decomposition curve of gaseous acetaldehyde without any photocatalyst 
but light 
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Fig. S13 The cyclic stability experiments of T2P for the photodecomposition of gaseous 
acetaldehyde  
 




