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a b s t r a c t 

The advantage of light-to-heat conversion can be employed as an optical alternative for environmental 

remediation. As a proof of concept, for the first time we introduce the light-to-heat conversion applica- 

tion in peroxydisulfate (PDS) activation by molybdenum disulphide (MoS 2 ) under near infrared (NIR) light 

irradiation. Theoretical kinetics analysis suggests that the reaction rates of PDS activation is increased up 

to 9.2 times when increasing from room temperature to 50 °C. MoS 2 has the capability to quickly convert 

NIR light to heat energy (~45 °C), thereby being able to activate PDS to generate hydroxyl and sulfate rad- 

icals. The observed reaction rate of carbamazepine degradation by NIR/MoS 2 /PDS process is 6.5 times of 

that in MoS 2 /PDS and even 2.6 times higher than the sum of those in NIR/MoS 2 , MoS 2 /PDS and NIR/PDS 

processes. Combining with theoretical calculation and oxidation species analysis, a new photo-activation 

PDS mechanism is proposed, in which MoS 2 absorbs the energy of light to generate heat energy for over- 

coming the energy barrier of PDS activation. By loading MoS 2 on carbon cloths, a flexible photothermal 

membrane is designed for practical application of sunlight-to-heat conversion to activate PDS with high 

efficiency, stability, and recycling. The present results demonstrate the potential of applying light-to-heat 

conversion in Fenton-like processes in pollution control, which opens new avenues towards utilization of 

inexhaustible solar energy and novel approaches for environmental remediation. 

© 2020 Elsevier Ltd. All rights reserved. 
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. Introduction 

Advanced oxidation processes (AOPs), like Fenton, ozone, and 

ersulfate, etc., can in situ produce highly reactive radicals ( •OH 

nd SO 4 
•−) to abate a wide range of organic pollutants in wa- 

er, which has attracted great interests among researchers in re- 

ent decades ( Hodges et al. 2018 ). Among these AOPs, peroxydisul- 

ate (PDS)-based AOPs not only overcome the potential dangers 

f O 3 and H 2 O 2 during use and transportation, but also gener- 

te the radicals of SO 4 
•−, which exhibits stronger oxidizing ca- 

ability (E 0 (SO 4 
•−/SO 4 

2 −) = 2.5–3.0 V) at a wide pH range (3–

) ( Niu et al. 2020 , Yin et al. 2019 ). Furthermore, in comparison

ith other traditional oxidants including H 2 O 2 , O 3 , potassium fer- 

ate, and peroxymonosulfate (PMS), PDS has following advantages: 
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he cheapest price with same quality; the longest lifetime in water, 

nd the lowest activation energy ( Table S1 ) ( Wacławek et al. 2017 ,

in et al. 2020 ). Thus PDS is capable of degrading highly toxic 

nd persistent pollutants and is the first choice for in situ chem- 

cal oxidation (ISCO) treatment for water or soil ( Avetta et al. 2015 ,

hu et al. 2019 , Kang et al. 2019 , Ke et al. 2019 , Zheng et al. 2019 ).

Generally, PDS can be physically activated by external energy 

including UV, heat and ultrasound, ( Eq. (1) )) or chemically acti- 

ated by transition metals or chemical activation agents ( Eq. (2) ) to 

enerate SO 4 
•− ( Duan et al. 2018 , Nie et al. 2019 , Yin et al. 2018 ,

hou et al. 2019 ). Compare with the chemical activation of PDS to 

enerate one mole of SO 4 
•− for each mole PDS, the physical acti- 

ation pathway results in the symmetrical cleavage of the peroxide 

ond results in yielding stoichiometrically two moles of SO 4 
•− for 

he decomposition of each mole PDS, which minimizes the con- 

umption of PDS and avoids the metal leaching to cause secondary 

ontamination ( Lee et al. 2020 ). However, the physical activation 

re generated from the external energy such as electrical energy. 

https://doi.org/10.1016/j.watres.2020.116720
http://www.ScienceDirect.com
http://www.elsevier.com/locate/watres
http://crossmark.crossref.org/dialog/?doi=10.1016/j.watres.2020.116720&domain=pdf
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hese multiple transformations bring energy loss as well as high 

ost. Thus from economic and environmentally friendly viewpoints, 

 green and sustainable method yet highly efficient is required for 

he activation of PDS. 

 2 O 8 
2 − + exte rnal ener gy ( heat , ultr asou nd , and UV ) → 2 S O 4 

•− (1) 

 2 O 8 
2 − + e − → S O 4 

•− + S O 4 
2 − (2) 

Solar energy is the free, cleanest and most abundant renewable 

nergy source. Recently, tremendous advances have been made in 

he photo-activated PDS by using UV- or visible light-driven pho- 

ocatalytic techniques. In the solar radiation spectrum, UV light, 

isible light, and near infrared (NIR) light are account for ca. 

%, 48%, and 44%, respectively ( Liu et al. 2016 ). Many of the re-

earches concentrate on exploring the photo-involved reactions in 

he UV or visible light (less than 600 nm) region, while ignore the 

alf solar energy, the NIR region. This is because most of photo- 

nvolved reactions can not be driven by NIR. Moreover, NIR energy 

lways brings strong thermal effects during photo-involved reac- 

ions while the researchers try a lot of ways to avoid this ther- 

al effect. However, is it possible to utilize the thermal effect 

aused by NIR energy for the activation of PDS in environmental 

pplication based on the fact that PDS can be thermally activated 

 Fan et al. 2015 , Waldemer et al. 2007 )? 

As is known, light-to-heat conversion, harvesting and convert- 

ng solar irradiation by photothermal materials into heat for bene- 

cial usage, has diversely applied in cancer therapy, solar power 

eneration, and seawater desalination, as well as in some envi- 

onmental applications ( Li et al. 2017 , Wang et al. 2017 ). For in-

tance, the hybrid nanomaterial Pt-rGO-TiO 2 , featuring the broad 

ight wavelength absorption (80 0–250 0 nm), was reported to be a 

ighly active photo-thermal responsive catalyst for efficient VOCs 

ecomposition under NIR irradiation ( Li et al. 2018 ). The photo- 

hermal materials could efficiently absorb the energy of light, 

esulting in light-to-heat conversion, thereby increasing reaction 

emperature. When the temperature increases above the light-off

emperature for the thermocatalytic oxidation, the thermocatalytic 

xidation reaction can take place. For instance, Fan et al found that, 

s the temperature increased from 40 to 60 ◦C, the removal rate 

f sulfamethazine increased from 20% to 70%, of which the value 

f k obs increased by 21-fold ( Fan et al. 2015 ). Thus the light-to-

eat conversion would be an optical alternative for PDS activation 

rocess. As far as we known, there is a big knowledge gap in the 

nderstanding of the light-to-heat conversion method for PDS ac- 

ivation for environmental remediation, which provides a new way 

or the elimination of requirement on thermal energy from fossil- 

erived fuels. Therefore, it is of great importance and challenge to 

xplore the potential of NIR-driven light-to-heat conversion appli- 

ation in PDS activation, which promotes the utilization of solar 

nergy and opens the possibility of substituting light-to-heat cat- 

lytic reactions for conventional thermalcatalytic redox reactions 

ased on heat from fossil-derived fuels. 

For the first time, we introduce the light-to-heat conversion 

pplication in PDS activation under NIR irradiation in this work. 

erein, molybdenum disulphide (MoS 2 ), a typical photo-thermal 

aterial ( Chou et al. 2013 , Liu et al. 2014 ), is adopted to testify the

otential of light-to-heat conversion in PDS activation, while the 

arbamazepine (CBZ, an antiepileptic drug and persistent organic 

icropollutant) is chosen as the target pollutant. Remarkably, the 

eaction solution temperature increased up to 45 °C under the ir- 

adiation of a 808 nm laser, in which the localized heat converted 

rom light energy directly activate PDS to enhance the removal ef- 

ciency of CBZ. Based on both the experimental and theoretical 

vidence, we reveal that the highly efficient catalytic activity orig- 

nates from solar light-driven thermocatalysis that was consider- 
2 
bly enhanced by a conceptually novel photoactivation effect dif- 

erent from conventional photocatalysis. This work highlights that 

he light-to-heat conversion shows promise for redox catalysis ap- 

lications, which will open new avenues toward the utilization of 

nexhaustible solar energy for environmental remediation. 

. Materials and methods 

.1. Chemicals and Reagents 

A detailed list of chemicals and reagents is provided in Text S1 

n the Supporting Information. 

.2. Synthesis of MoS 2 nanosheets and membrane 

MoS 2 nanosheets were synthesized by a facile hydrother- 

al method. 0.25 mmol of (NH 4 ) 6 Mo 7 O 24 •4H 2 O and 0.75 

mol of CH 4 N 2 S were added into the water-ethanol mixtures 

V water :V ethanol = 5:1) with ultrasonication for 1 h. Then, the ho- 

ogeneous solution was transferred into a 100 mL Teflon auto- 

lave and kept at a temperature of 210 °C for 24 h. After that, the

btained black precipitates were collected by centrifugation and 

ashed with deionized water and ethanol for 3 times, respectively, 

nd then dried in an oven at 60 °C for 12 h. To reuse the catalysts

asily, the MoS 2 nanosheets were grown on the highly flexible sur- 

ace of carbon cloth (CC) with diameter of 5 cm to form a CC/MoS 2 
embrane. The CC/MoS 2 membrane was formed corresponding to 

he preparation of MoS 2 by adding external CC as the precursor. 

.3. Characterization 

UV-visible-NIR diffuse reflectance spectra (UV-vis-NIR-DRS, 

ASCO V-770) of MoS 2 were obtained with BaSO 4 used as a re- 

ectance standard. X-ray diffraction (XRD) pattern was analyzed 

sing a D50 0 0, Siemens (Germany), including a Cu K α exciting 

ource ( λ= 1.54056 Å). A transmission electron microscope (TEM), 

itachi H-7650 at accelerating voltage 100 kV, was applied to char- 

cterize the catalyst morphologies. X-ray photoelectron microscopy 

XPS) was conducted on a Thermo Escalab 250 using an Al K α
-ray source. Electron paramagnetic resonance (EPR) experiments 

ere monitored using an EMX-8/2.7 spectrometer (Bruker, Ger- 

any). 

.4. Experimental procedures 

A 2 W 808 nm portable infrared laser (Highlasers, HK) was 

sed as light source for 808 nm laser as NIR light for PDS activa- 

ion. Batch tests of CBZ degradation were carried out in the brown 

uartz bottle with 2.0 mL solution on magnetic stirrers. First, MoS 2 
as added into the solution with CBZ and stirred for 30 min to 

chieve adsorption equilibrium. Then, the activation process was 

nitiated by adding a certain amount of PDS and turning on the 

IR light to the solution. Each experiment was done in duplicate 

o calculate the average values for reproducibility, while the stan- 

ard deviation of the values was calculated to draw the error bar. 

he experiments were conducted at the initial CBZ concentration 

f 10 mg L −1 , PDS concentration of 2.0 g L −1 , MoS 2 concentra-

ion of 1.0 g L −1 , and pH of 5.0, while the distance between the

ight and the bottle was 2.0 cm. 0.10 mL of the reaction solution 

as withdrawn at given time and immediately quenched and di- 

uted then filtered into a vial for analysis. While experimental con- 

itions of the sunlight-to-heat conversion in outdoor conditions: 

I = 50 mW cm 

−2 , [pollutants] = 10 mg L −1 , [PDS] 0 = 2.0 g L −1 , vol-

me = 20 mL, T = 30 °C. High-performance liquid chromatography 

HPLC, Shimadzu, LC-16) equipped with an Agilent SB–C18 column 

2.1 mm ×100 mm, 1.8 μm) was used to observe the concentration 
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f CBZ, the UV detector was set at 285 nm. The mobile phase con- 

ists of 30% acetonitrile and 70% 0.10% formic acid with the flow 

ate of 0.20 mL min 

−1 . 

.5. Computational methods 

All calculations were performed in DMol 3 code, which is 

ased on first-principle quantum mechanics ( Ao et al. 2008 , 

elley 1990 , 20 0 0 , Segall et al. 2002 ). Generalized gradient approx-

mation (GGA) with Perdew-Burke-Ernzerhof (PBE) method was 

sed as the exchange-correlation function ( Hammer et al. 1999 , 

iao et al. 2012 , Perdew et al. 1996 ). Spin-polarization was included 

n all calculations and a damped van der Waals correction was in- 

orporated using Grimme’s scheme to describe the non-bonding 

nteractions ( Du et al. 2012 ). The k -point sampled the irreducible 

edge of the Brillouin zone, was increased until the calculated 

nergy converges within the required tolerance ( Ao et al. 2009 ). 

n this work, k -point was set to 5 ×5 ×1 for all slabs, which has

n energy convergence tolerance of 1 ×10 −5 Ha/atom for SCF (self- 

onsistent filed) procedure with a maximum force of 0.002 Ha/ ̊A. 

.9 Å global orbital cutoff were used in all calculations. In order 

o better simulate the experimental environment, water solvation 

odel (COSMO) with a dielectric constant of 78.54 was used dur- 

ng all the calculations to mimic the aqueous condition. In addi- 

ion, the calculations on systems including PDS were given charge 

2|e| to consider the charge state of S 2 O 8 
2 −. 

In the simulation, a single layer 4 ×4 ×1 supercell of MoS 2 with 

 vacuum width of 30 Å was constructed to ensure the interaction 

etween the repeated slabs along the normal of surface as weak 

s possible ( Ao et al. 2009 ). All atoms were allowed to relax for

ll energy calculation. The favorable structure of S 2 O 8 
2 − adsorption 

n MoS 2 for calculations is shown in Fig. S1(a), while Fig. S1(b) is 

he band structure of pristine MoS 2 . The bandgap E g is 1.747 eV, 

hich is consistent to the reported experiment result of 1.595 eV 

nd 1.60-2.07 eV ( Mombrú et al. 2018 , Zhao et al. 2018 ). 

Based on DFT calculations, the results of vibrational analysis or 

essian evaluation can be used to calculate enthalpy ( H ), entropy 

 S ), Gibbs free energy ( G ), and heat capacity at a constant pressure

s a function of temperature ( T ). Thus, Gibbs free energy of the 

ystem before and after adsorption can be obtained. The difference 

f Gibbs free energy in S 2 O 8 
2 − adsorption ( �G adsorption ) can be ex- 

ressed as: 

G adsorption ( T ) = G Mo S 2 −S 2 O 8 
2 − ( T ) − G Mo S 2 ( T ) − G S 2 O 8 

2 − ( T ) , (3) 

hile the S 2 O 8 
2 − activation process of Gibbs free energy difference 

 �G activation ) could be determined by eq. (4) : 

G activation ( T ) = G FS ( T ) − G IS ( T ) (4) 

here G FS (T ) and G IS (T ) are respectively the corresponding Gibbs 

ree energies of FS and IS configurations in Fig. 5 after calibration 
ig. 1. Removal percentage of CBZ in heat/PDS process under different temperature (from 

f O-O bond in PDS along different directions (b) and (c), temperature dependent reaction

3 
y zero-point vibrational energy (ZPVE) of the system. Note that 

he initial structure and final structure in the activation progress 

re defined as IS and FS. 

Using the two equations mentioned above, the adsorption and 

ctivation temperatures for this system can be predicted. Thus, the 

ctivation of S 2 O 8 
2 − to SO 4 

•− on MoS 2 occurs when the tempera- 

ure reaches a certain value at the ideal state with the infinite reac- 

ion time. In order to obtain more accurate activation performance, 

he relationship between reaction time ( τ ) and temperature ( T ) is 

stimated by the following equation ( Jiang et al. 2014 ): 

= 

1 

υe 
− E bar 

k B T 

(5) 

here υ is the frequency of O-O bond of SO 4 -O 4 S in PDS (S 2 O 8 
2 −),

 B is the Boltzmann’s constant (8.62 ×10 −5 eV/K), E bar is energy 

arrier for S 2 O 8 
2 − activation. The values of υ and E bar can be ob- 

ained through DFT calculations. 

. Results and discussion 

.1. Evaluation on the effect of temperature for PDS activation in 

ollutant degradation 

Firstly, CBZ degradation in the heat activated PDS process un- 

er different temperature by the water bath was tested, shown in 

ig. 1 (a). It is observed that the removal efficiency of CBZ was en- 

anced with the increase of the temperature. When the temper- 

ture was above 50 °C, CBZ could be completely decomposed in 

 h by the heat activated PDS process. For the PDS can be effi- 

iently activated at 50 °C for almost complete degradation of CBZ, 

he enhancement on the degradation percentage of CBZ is not ob- 

ious when the temperature is above 50 °C. In order to understand 

he kinetic performance of PDS activation at different temperature, 

q. (5) is used to predict the reaction time at different tempera- 

ure. In eq. (5) , the frequency υ of O-O bond of SO 4 -O 4 S is un-

nown, which can be determined by frequency calculation here. 

ig. 1 (b) and 1(c) exhibit the vibration frequencies of O-O along 

ifferent directions of 20.006 and 23.478 THz, respectively. The av- 

rage of the two values 21.742 THz is taken as the frequency υ of 

-O bond and used in eq. (5) . The calculated reaction time at dif- 

erent temperature is shown in Fig. 1 (d). As shown, τ ( T ) decreases

xponentially with T increasing. It indicates that the reaction time 

s 0.165 s at room temperature. When T increases to 50 °C, the 

eaction is facilitated significantly and only needs 0.018 s. In addi- 

ion, further increasing the temperature above 50 °C, the reaction 

ime does not reduce much. The calculated result is in accordance 

ith the experimental result of heat-activated PDS. It can be seen 

hat the increase of the temperature can strongly improve the rates 

f PDS activation below 50 °C, in which the rates of PDS activation 
30 to 70 °C) (a): [PDS] 0 = 2.0 g L −1 , [CBZ] 0 = 10 mg L −1 , initial pH 5.0, the frequency 

 time function (d). 
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Fig. 2. TEM (a) and UV-vis-NIR-DRS (b) of MoS 2 , IR photo of the oxidation processes (c), temperature change of the NIR/MoS 2 process vs NIR/H 2 O (d): [MoS 2 ] 0 = 1.0 g L −1 

and [distance] light-bottle = 2 cm. 
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t 50 °C is 9.2 times to that at room temperature. The result indi-

ated that the PDS could be efficiently activated through increasing 

he temperature of the solution. Thus, next we take advantage of 

he MoS 2 materials to transfer light to heat to increase the temper- 

ture of solution, which promotes PDS activation for the removal of 

he pollutants. 

.2. Light-to-heat conversion potential of MoS 2 

Then MoS 2 was characterized to evaluate its ability in light- 

o-heat conversion. As shown in Fig. S2(a), XRD pattern of MoS 2 
as obtained. The intense diffraction peaks at 17.6 °, 32.9 °, 35.9 °

nd 57.5 ° correspond to the reflection of (011), (100), (103) and 

110) planes of MoS 2 , respectively, which are all compatible with 

hose reported for MoS 2 in JCPDS card No. 37-1492 standard 

 Khataee et al. 2018 ). Fig. 2 (a) shows the TEM image of as-prepared

oS 2 , which is found that the MoS 2 showed thin 2D structures 

ith lateral dimension dispersions. The XPS spectra of Mo 3d and 

 2p are shown in Fig. S2(b) and (c). Two characteristic peaks 

t 232.6 and 235.7 eV were corresponded to Mo 3d 5/2 and Mo 

d 3/2 respectively as shown in Fig. S2(b). Fig. S2(c) showed that 

he characteristic peaks at 162.5 and 168.8 eV were corresponded 

o S 2p 3/2 and S 2p 1/2 respectively. UV–vis diffuse reflectance spec- 

ra (DRS) measurement was performed to evaluate the optical re- 

ponse of the catalysts. As shown in Fig. 2 (b), MoS 2 exhibits a 

trong absorption in the entire region of the full solar spectrum 

rom 200 to 20 0 0 nm, which includes UV, visible light and NIR

ight. The characterization data suggested that as-prepared MoS 2 
as good photothermal conversion ability. 

To further testify the photothermal conversion ability of MoS 2 , 

nfrared camera was used to record the temperatures of the 

olution under different MoS 2 concentration by NIR irradiation 

 Fig. 2 (c)). The plots of the temperature change were shown in 
4 
ig. 2 (d) and Fig. S3. It can be seen that the MoS 2 could strongly

ncrease the temperature of the solution. For instance, when the 

oS 2 concentrations were 1.0 g L −1 , the temperatures of the so- 

ution under NIR irradiation reached at 45 °C in 5 min, compared 

ith 30 °C in the absence of MoS 2 . Moreover, the temperature of 

he solution also increased with the increment of MoS 2 concen- 

ration. When the MoS 2 concentrations were 0.10, 0.50 and 2.0 g 

 

−1 , the temperatures of the solution reached at 38, 40 and 55 °C 

n 5 min (Fig. S3), respectively. The results suggested that MoS 2 
ould absorb the energy of NIR to transfer to heat energy for fur- 

her application. Thus next PDS activation through photo-thermal 

onversion by MoS 2 under NIR irradiation for pollutant removal is 

ssessed. 

.3. Performance and kinetics of PDS activation by MoS 2 under NIR 

rradiation 

To testify the oxidation potential of the NIR/MoS 2 /PDS process, 

atch experiments are conducted for CBZ degradation in different 

omparative oxidation processes, including NIR/MoS 2 , MoS 2 /PDS, 

IR/PDS and NIR/MoS 2 /PDS processes, respectively. As shown in 

ig. 3 (a), the photo-catalytic process of MoS 2 under NIR irradia- 

ion showed negligible removal of CBZ ( < 10 %), suggesting that 

he energy of NIR was unable to stimulate MoS 2 to degrade CBZ 

y the sole photo-catalytic process without PDS. Meanwhile, MoS 2 
lone and NIR alone displayed limited PDS activation ability with 

he removal percentage of CBZ was 27.7% and 25.7% in MoS 2 /PDS 

nd NIR/PDS systems, respectively. Significantly, the removal effi- 

iency of CBZ reached at 81.5% with the whole access of NIR, MoS 2 
nd PDS. It was observed that the NIR/MoS 2 /PDS processes showed 

uch higher CBZ degradation efficiency than those of NIR/MoS 2 , 

oS 2 /PDS and NIR/PDS system, of which was even higher than the 

um of the efficiencies for the NIR/MoS , MoS /PDS and NIR/PDS 
2 2 
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Fig. 3. CBZ degradation (a) and pseudo-first order rate (b) in different comparative oxidation systems: [PDS] 0 = 2.0 g L −1 , [MoS 2 ] 0 = 1.0 g L −1 , [CBZ] 0 = 10 mg L −1 , initial pH 

5.0, and [distance] light-bottle = 2 cm. 
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ystems. The results indicated that there was a joint action be- 

ween the NIR and MoS 2 , which played a synergistic effect on 

DS activation for efficient CBZ removal. Considering the charac- 

eristics of the NIR irradiation and photo-thermal transformation 

f MoS 2 material, the joint action between the NIR and MoS 2 
ould possibly be the effect of light-to-heat conversion. Moreover, 

he temperature of the MoS 2 /PDS, NIR/PDS and NIR/MoS 2 /PDS pro- 

esses were tested as 25, 30 and 45 °C, respectively, which fur- 

her indicated the light-to-heat conversion effect between NIR and 

oS 2 for PDS activation. Thus, the light-to-heat conversion be- 

ween NIR and MoS 2 played important effect on PDS activation and 

howed high application potential in pollutants removal. Moreover, 

he observed pseudo first order rates of the processes were mod- 

led in Fig. 3 (b), in which the NIR/MoS 2 , NIR/PDS, MoS 2 /PDS and

IR/MoS 2 /PDS processes were calculated to be 0.0 01, 0.0 05, 0.0 04 

nd 0.026 min 

−1 , respectively. The observed reaction rate of the 

IR/MoS 2 /PDS process is 6.5 times to that of the MoS 2 /PDS pro- 

ess. According to the calculation result of Fig. 1 (d), the temper- 

ture of the MoS 2 /PDS and NIR/MoS 2 /PDS processes are 25 and 

5 °C, corresponding with the PDS activation time are 0.165 and 

.027 s, respectively. It is concluded that the activation rate was 

mproved 6.1 times with the assistance of NIR irradiation theoreti- 

ally, which agrees with the experimental results that the observed 

ate of NIR/MoS 2 /PDS process is 6.5 times to that of the MoS 2 /PDS

rocess. It further demonstrated that the light-to-heat activation 

as the dominant way for PDS activation in the NIR/MoS 2 /PDS 

rocess. Additionally, the degradation of CBZ in the NIR/MoS 2 /PDS 

rocess was compared with that in the heat-activated PDS process 

t 45 °C, shown in Fig. S4. The degradation performance of CBZ 

n the heat-activated PDS process was slightly higher than that in 

he NIR/MoS 2 /PDS process, in which the observed rate constant of 

BZ degradation in the heat-activated PDS process was 2.2 times 

o that in the NIR/MoS 2 /PDS process (insert of Fig. S4). This might 

ttribute to that the heat-activated PDS process was always main- 

ained at 45 °C, while the NIR/MoS 2 /PDS process relied on the 

oS 2 to absorb the energy from light to achieve 45 °C, whereas the 

ight-to-heat induced PDS activation that largely depended on the 

hoto-thermal transfer ability cannot obtain the activation energy 

s far as heat-activated PDS process. However, the NIR/MoS 2 /PDS 

rocess can develop an environmentally friendly way to use the 

ltimate solar light energy to replace the traditional heating ways 

y electricity or fuels as well as can simultaneously obtain an effi- 

ient pollutants removal performance. These results demonstrated 

hat the MoS 2 could efficiently transfer the light to heat under NIR 

rradiation to increase the reaction temperature, thus largely en- 

ance the PDS activation rates for fast pollutants degradation. 

S

5 
.4. Oxidation mechanism of the light-to-heat conversion process 

To elucidate the oxidation mechanisms in the different compar- 

tive systems, the reactive oxidation species (ROS) were primarily 

nvestigated through the radical quenching studies. Fig. 4 (a) dis- 

layed that the addition of tert-butyl alcohol (TBA) at a molar ra- 

io of 200:1 to PDS concentration largely inhibited the removal ef- 

ciency of CBZ, while the methanol (MeOH) at the same molar ra- 

io showed almost complete quenching effect on the CBZ degrada- 

ion in the NIR/MoS 2 /PDS process. The results indicated that the 

IR/MoS 2 /PDS process was a radical oxidation process that con- 

isted of hydroxyl radicals and sulfate radicals. However, the TBA 

nd MeOH showed little effects on the CBZ degradation in both 

he MoS 2 /PDS and NIR/PDS systems, shown in Fig. S5. The re- 

ults suggested that the hydroxyl radicals and sulfate radicals were 

ot the main ROS in both MoS 2 /PDS and NIR/PDS systems, which 

as totally inconsistent with the NIR/MoS 2 /PDS process. Further- 

ore, EPR studies were carried out to demonstrate the ROS gener- 

ted in these oxidation systems, the results are shown in Fig. 4 (b). 

o characteristic peaks of radicals were found in both MoS 2 /PDS 

nd NIR/PDS systems. However, in the NIR/MoS 2 /PDS process, the 

ignals of DMPO-OH and DMPO-SO 4 were both observed, indicat- 

ng that, corresponding with the results of quenching studies, the 

O 4 
•− and 

•OH were generated in the NIR/MoS 2 /PDS process. 

To reveal the transformation of the S 2 O 8 
2 − activation for SO 4 

•−

nd 

•OH generation, PDS activation pathway on MoS 2 was investi- 

ated by transition state search calculation, and the result is shown 

n Fig. 4 (c). The lengths of middle O-O bond in IS, TS and FS are

.4 81 Å, 2.56 8 Å and 3.553 Å, respectively. During the activation 

rocess, the bond distance is stretched until it breaks to gener- 

te two [SO 4 
−]. It is found that the corresponding energy barrier 

or activating S 2 O 8 
2 − into [SO 4 

−] is 0.743 eV. In addition, the rela-

ive energy of FS is 0.449 eV, which is higher than that of IS. This

henomenon demonstrates that S 2 O 8 
2 − activation on MoS 2 is not 

hermodynamically spontaneous. Therefore, external energy, such 

s heat, is required to overcome the energy barrier for S 2 O 8 
2 − ac- 

ivation. In addition, the spin density of FS is calculated to con- 

rm the possible generation of SO 4 
•− and the result is shown in 

ig. 4 (d), where shows that the two [SO 4 
−] has strong spin state, 

ndicating S 2 O 8 
2 − activated into SO 4 

•− radicals on MoS 2 . There- 

ore, SO 4 
•− was demonstrated to generate in this PDS activation 

rocess. According to the previous studies, the PDS could be acti- 

ated to generate SO 4 
•−, then SO 4 

•− could transfer to •OH quickly 

hrough the following reaction: 

 O 4 
•− + H 2 O → OH + S O 4 

2 − + H 

+ (6) 
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Fig. 4. Scavenging tests (a): MeOH = TBA = 0.74 M and EPR spectra (b) of various oxidation processes: [PDS] 0 = 2.0 g L −1 , [MoS 2 ] 0 = 1.0 g L −1 , [CBZ] 0 = 10 mg L −1 , initial 

pH 5.0, [distance] light-bottle = 2 cm, and [DMPO] = 0.10 M. Activation pathway of S 2 O 8 
2 − on MoS 2 (c) and spin density of FS, where IS, TS and FS represent initial structure, 

transition structure and final structure (d), respectively. The red and blue regions in (d) are displayed the different directions of spin: up and down. 
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According to the results of ROS determination and ROS calcu- 

ation, the oxidation mechanism of the NIR/MoS 2 /PDS process was 

 radical oxidation process that consisted of hydroxyl radicals and 

ulfate radicals, which was totally different with the MoS 2 /PDS and 

IR/PDS systems. Moreover, the ROS in the heat/PDS process at 45 

C was also determined, in which the signals of DMPO-OH and 

MPO-SO 4 were found. The results indicated that the oxidation 

echanism of the NIR/MoS 2 /PDS process was similar to the heat 

ctivated PDS process, which further verified the heat activation 

as the main activation pathway of the NIR/MoS 2 /PDS process. 

herefore, it was deeply confirmed that the heat generated from 

ight-to-heat conversion between NIR and MoS 2 played important 

ole on PDS activation for pollutants removal. Next DFT calcula- 

ions are adopted to verify the possibility of the light-to-heat con- 

ersion by MoS 2 for PDS activation. 

.5. The difference of Gibbs free energies for PDS activation by MoS 2 
t different temperature 

It is known that the energy barrier in transition state search 

alculation is at the condition of 0 K. To take into considera- 

ion the effect of temperature, the difference of Gibbs free en- 

rgies ( �G) for S 2 O 8 
2 − adsorption on MoS 2 and S 2 O 8 

2 − acti- 

ation into SO 4 
•− as a function of temperature are established 

ith the atomistic thermodynamics described in eq. (3) and (4) . 

 

S 2 O 8 
2 − (T ) , G Mo S 2 

(T ) , G 

Mo S 2 −S 2 O 8 
2 − (T ) and �G adsorption ( T ) after cal-

bration were plotted in Fig. 5 (a) and 5(c), while Fig. 5 (b) and

(d) illustrate the Gibbs free energy for S 2 O 8 
2 − activation into 

O 4 
•−. The specific values after calibration at different tempera- 

ures are listed in Tables S2 and S3 of Supporting information. 

he results show that G 

S 2 O 8 
2 − (T ) , G Mo S 2 

(T ) , G 

Mo S 2 −S 2 O 8 
2 − (T ) and 

G adsorption ( T ) decreases as T increases, and �G adsorption becomes 

egative at T ads = 38.82 K, where T ads acquired by linear fit- 

ing method based on the obtained �G adsorption ( T ) values is de- 

ned as the adsorption temperature. Fig. 5 (c) indicates that the 
6 
 2 O 8 
2 − can be adsorbed on MoS 2 above 38.82 K (Table S4). In 

ddition, �G activation ( T ) changes from positive value to negative 

alue at 44.99 K as shown in Fig. 5 (d). However, it turns positive

nd remains increasing exponentially after 1107.55 K. The activa- 

ion temperature is represented by T act . It shows that the activa- 

ion reaction of S 2 O 8 
2 − activation to •SO 4 

− on MoS 2 can occur at 

4.99 K < T act < 1107.55 K. Note that �G activation reaches minimum 

t ~500K, demonstrating the strongest driving force for the acti- 

ation reaction. In addition, �G activation changes slightly between 

0 0~80 0K, which indicates relatively stable activation performance 

f MoS 2 at a wide temperature range. However, this reaction is at 

queous condition, water solution is boiling at 373K, i.e. S 2 O 8 
2 −

ctivation reaction has optimum performance at 300~373 K. Based 

n above results, it can be known that the S 2 O 8 
2 − activation to 

O 4 
•− on MoS 2 is thermodynamically feasible at the temperature 

igher than 44.99 K, and optimum at 300~373 K. In this experi- 

ent, the MoS 2 could absorb the NIR light to increase the temper- 

ture of the solution to 318K, which reached the optimum temper- 

ture range of PDS activation by MoS 2 . The results indicated that 

he MoS 2 could absorb the NIR light to improve the temperature 

f the solution to decrease the energy gap of PDS activation and 

hus promote PDS activation performance by MoS 2 . The above re- 

ults and discussion demonstrated that the possibility of the light- 

o-heat conversion to enhance PDS activation for pollutants by NIR 

rradiation. The overall mechanism is illustrated in Scheme 1 . Then 

he experiments under sunlight are conducted to further evaluate 

he practical application potential of the light-to-heat conversion 

nhanced PDS activation process. 

.6. Practical application of the light-to-heat conversion enhanced 

DS activation process 

The pollutants can be rapidly degraded in the heterogeneous 

IR/MoS 2 /PDS process. However, the highly dispersed suspension 

s hard to reuse and may induce secondary pollution. Thus we 
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Fig. 5. The temperature dependent Gibbs free energy for S 2 O 8 
2 − adsorption on MoS 2 (a) and subsequent activation (b), the Gibbs free energy difference and fitting curve for 

adsorption (c) and activation (d). 

Scheme 1. Proposed mechanism of the light-to-heat conversion to enhance PDS activation by NIR irradiation for pollutants removal. 
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t

b

onsidered to assemble the MoS 2 nanosheets into the CC for re- 

ycling. An experiment on the degradation of methylene blue (MB) 

y the CC/MoS 2 -PDS system under sunlight irradiation was con- 

ucted to testify the practical application potential of the light-to- 

eat conversion for pollution control. The MoS 2 nanosheets were 

rown on the highly flexible surface of CC with diameter of 5 

m using a facile solvothermal method to form a CC/MoS 2 mem- 

rane. As shown in the SEM image of the CC/MoS membrane 
2 

7 
 Fig. 6 (a)), the crimped MoS 2 nanosheet with high density were 

rown on the surface of CC, forming a 3D hierarchical shape. 

igher-magnification SEM image from Fig. 6 (b) and Fig. S6 dis- 

layed that numerous MoS 2 nanosheets were grown on the sur- 

ace of CC compared with the raw CC ( Fig. 6 (c)), which enabled the

C/MoS 2 membrane to afford active sites for efficiently transferring 

he light to heat energy. The photo of raw CC, fresh CC/MoS 2 mem- 

rane and used CC/MoS membrane were displayed in Fig. 6 (d)- 
2 
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Fig. 6. SEM images of primary of CC/MoS 2 (a) and high-magnification SEM of CC/MoS 2 (b) and CC (c), photo of CC (d), fresh CC/MoS 2 (e) and used CC/MoS 2 (f), mass of CC 

and CC/MoS 2 (g), IR photo of the solution with CC/MoS 2 under sunlight irradiation (h), MB decolorization in the solution with CC/MoS 2 under sunlight irradiation (i), and 

cycle experiments on the MB decolorization in the solution with CC/MoS 2 under sunlight irradiation (j): [PDS] 0 = 2.0 g L −1 , [MB] 0 = 10 mg L −1 . 
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c
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P

f), while the mass of the raw CC and the fresh CC/MoS 2 mem- 

rane was shown in Fig. 6 (g), indicating the successful growing 

f MoS 2 on the surface of CC. 20 mL of the MB solution at 10

g L −1 and PDS were added in a quartz beaker. After placing the 

C/MoS 2 membrane, the beaker was taken under the sunlight with 

ight intensity at about 50 mW cm 

−2 to start the experiment. The 

emperature of the solution is about 41 °C ( Fig. 6 (h)). It can be

een that the MB could be efficiently decolorized ( Fig. 6 (i)). The 

C/MoS 2 membrane was reused for MB degradation ( Fig. 6 (j)). Re- 

ults showed the CC/MoS 2 membrane can be easily recycled and 
8 
eused and stably remove the MB even in 10 cycles, which would 

ot cause high cost and secondary contamination to the environ- 

ent. This superior decolorization of MB should be primarily as- 

ribed to the high light-to-heat transfer ability of the CC/MoS 2 
embrane to improve the reaction temperature to efficiently acti- 

ate PDS to generate radicals. Based on the high removal efficiency, 

tability, and low cost, we propose that the light-to-heat induced 

DS activation process is an ideal system to degrade organic con- 
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aminants for environmental remediation and solar energy appli- 

ation. 

. Conclusion 

In summary, the utilization of renewable solar energy via light- 

riven thermocatalysis offers a potential alternative strategy for 

nvironmental remediation. The MoS 2 could efficiently absorb the 

nergy of light, resulting in light-to-heat conversion, thereby in- 

reasing reaction temperature for driving the PDS activation in the 

emoval of pollutants. After the light-to-heat conversion, the oxi- 

ation ability of Fenton-like processes was largely improved. The 

otential of the light-to-heat conversion application in the PDS ac- 

ivation and its oxidation mechanism are deeply elucidated from 

he view point of both experimental and theoretical aspects, which 

ffers the foundation and direction for the future research on the 

ight-to-heat conversion application in the Fenton-like or other ox- 

dation processes. However, the light-to-heat induced PDS activa- 

ion largely depended on the photo-thermal transfer ability of the 

aterials. Even though the MoS 2 can absorb the energy from light 

o transfer to heat, the transfer efficiency and rate are not high 

nough to achieve the comparable performance of that in the heat- 

ctivated PDS process. Thus, in the future study, we will take ef- 

ort in coupling a good catalyst with strong absorption of light to 

eat to produce much enhancement in the degradation of organic 

ollutants. The light-to-heat induced Fenton-like oxidation process 

hould be an ideal oxidation system to degrade organic contami- 

ants for environmental remediation and solar energy application. 

t is anticipated that this work may enable the wide development 

f the solar energy application to open up a novel strategy for en- 

ironmental purification. 
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