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Figure S1. (a) Ultraviolet-visible (UV-vis) spectrum of ReS2–C6H5COOH nanosheets in a 

solution. (Inset) Optical image of ReS2–C6H5COOH solution in a tube. (b),(c) XPS spectra of Re 

4f (M: metallic-state Re) and S 2p core level peak regions for ReS2 powder (upper panel) and 

ReS2–C6H5COOH nanosheets (lower panel), respectively. (d) FT-IR spectra of bulk ReS2 

powder and ReS2–C6H5COOH nanosheets. (e) Scanning TEM (STEM) image of ReS2–

C6H5COOH nanosheets. (f) EDS mapping image of ReS2–C6H5COOH, the correspondent EDS 

spectrum and element analysis. (g) Element mappings corresponding to (f).  

In the XPS spectra, the Re atoms in ReS2–C6H5COOH nanosheets showed two peaks 

(4f7/2 and 4f/5/2 at 42.1 eV and 44.5 eV, respectively), and these were positively shifted by 0.3 eV 

from the typical binding energy of Re4+ in ReS2 nanosheets.1 In addition, the S 2p peaks 

corresponding to the S 2p3/2 and S 2p1/2 states of ReS2–C6H5COOH nanosheets were positively 

shifted to 162.6 and 163.7 eV, respectively, from those of ReS2 nanosheets (162.4 and 163.6 eV). 

These results implied that Re atoms became positively charged due to the functionalization of 

ReS2 nanosheets with –C6H5COOH.2,3 

 



 



Figure S2. (a) Survey scan of X-ray photoelectron spectroscopy (XPS) for ReS2–BzO-TiO2. (b)-

(d) XPS spectra of O 1s, C 1s and Ti 2p of TiO2, ReS2–C6H5COOH and ReS2–BzO–TiO2, 

respectively. (e),(f) HR-TEM image and the correspondent EDS element mappings of ReS2–

BzO-TiO2, respectively. (g) Cross-sectional element profiles as marked with yellow line. (h) 

EDS spectrum and element analysis corresponding to (f). 



 

Figure S3. (a) X-ray diffraction (XRD) spectra of each material (Bulk ReS2, ReS2–BzO–TiO2, 

ReS2–C6H5COOH nanosheets and TiO2). (b) Raman spectra corresponding to different ratios 

(wt%) of ReS2–C6H5COOH nanosheets to TiO2. (c) FT-IR spectra of each material. ReS2–BzO–

TiO2 exhibits typical peaks (carboxylate C=O and C–O at 1735 and 1400 cm-1, respectively) for 

chemical binding between ReS2–C6H5COOH and TiO2 in the zoomed-in spectra. (d) Diffuse 

reflectance UV-Vis spectra of ReS2–C6H5COOH nanosheets, ReS2–BzO–TiO2 and TiO2.  

 



 

Figure S4. (a),(b) The hydrogen generation rate in log scale corresponding to Figure 2(a),(b). 

(c),(d) The hydrogen generation rate under (c) 1-sun light and (d) LED-light in each 

photocatalyst (against the amount of catalysts). The left and right graphs in (c),(d) were plotted 

in linear scale and log scale, respectively. 

 



 

Figure S5. Plots for average hydrogen-production of each photocatalyst with regard to (a) 

amounts of ReS2 nanosheets in each catalyst and (b) total amounts of each catalyst under sunlight 

irradiation (1-sun). The average rates against the amount of catalysts for the hydrogen generation 

of the ReS2–BzO–TiO2 (1:4) exhibited 1.9 mmol gcat
-1 h-1 (per gram of ReS2–BzO–TiO2), while 

the ReS2–C6H5COOH nanosheets and the pristine TiO2 obtained average rates of 0.038 and 0.089 

mmol gcat
-1 h-1, respectively. Hydrogen production of 1.9 mmol h-1 per gram of the ReS2–BzO–

TiO2 is over 21-fold higher than that of the native TiO2. 



 

Figure S6. (a),(b) UV-vis spectra for the photooxidation of RhB under LED-light (395–405 nm) 

by photocatalysts of (a) TiO2 and (b) ReS2–BzO–TiO2. (c),(d) UV-vis spectra for the 

photooxidation of RhB under (c) 1 sun and (d) LED-light (395–405 nm) by photocatalysts of 

physically mixed bulk ReS2/TiO2 and physically mixed ReS2–C6H5COOH/TiO2 as a function of 

irradiation time. (e),(f) Plots of relative concentration of RhB for each photocatalyst under 1-sun 

light and LED-light, respectively, as a function of irradiation time. 



 

Figure S7. (a)-(d) EPR spectral changes of the DMPO-•OH adduct produced by each 

photocatalyst with/without RhB after 5-min irradiation of 1-sun light.  

  



 

Figure S8. (a)-(c) UV-vis spectra of RhB adsorption on photocatalysts. For the 

photocatalyst/RhBads measurement, solid films of each photocatalyst prepared on fluorine doped 

tin oxide (FTO) glasses were immersed into RhB solution for 30 min. UV-vis absorption of each 

film was measured after washing with DI water, ethanol, and acetone thoroughly. (d) A scheme 

of the RhB structure according to possible adsorption paths through functional groups.  

 



 

Figure S9. (a) Plots of TOC measurements and (b) HPLC spectra for photocatalytic activity tests 

using RhB. In HPLC spectra (@525 nm), each peak was defined with RhB, N,N-diethyl-N-

ethylrhodamine (DER), N-ethylrhodamine (ER), and rhodamine (Rh).  

The gradual blue shifts of the absorption maximum was coursed by the N-demethylation 

of Rh.B during irradiation. The blue shifts of RhB were defined with generation of N,N-diethyl-

N-ethylrhodamine (DER), N,N-diethylrhodamine (DR), N-ethylrhodamine (ER), and rhodamine 

(Rh).4 In the presence of TiO2, the absorption peak of RhB solution decreased slowly and the 

absorption band shifted from 554 to 551 nm within 30 min irradiation, the percentage of RhB 

was reduced to 67.6% and the percentage of DER was increased to 32.4%. On the other hand, 

the absorption peak of RhB completely disappeared as the photodegradation reaction proceeded 

in the presence of ReS2–BzO–TiO2 and ReS2-CH5COOH/TiO2. The percentage of Rh was 100% 

for ReS2–BzO–TiO2, while the percentage of ER, Rh was 58.1% and 41.9% for ReS2-

CH5COOH/TiO2, respectively. Consequently, this phenomenon revealed that the ReS2–BzO–

TiO2based photooxidation treatment of RhB solution under 1sun irradiation involved the N-

deethylation process, and that the degradation RhB efficiency using ReS2–BzO–TiO2 can up to 

100% after irradiation 30min. 



 

Figure S10. (a),(b) HR-TEM images of bulk ReS2/TiO2 and ReS2–C6H5COOH/TiO2 in the 

physical mixtures, respectively. (c) Water contact angles of ReS2–C6H5COOH nanosheets and 

bulk ReS2, bulk ReS2/TiO2, ReS2–C6H5COOH/TiO2 and ReS2–BzO–TiO2. (d) H2 production 

plots per gram of ReS2 for the physical mixtures of ReS2–C6H5COOH 2/TiO2 with different 

ratios (wt%) of ReS2–C6H5COOH to TiO2. (e) H2 production plots of two-phase TiO2 (composed 

of 75% anatase and 25% rutile phases). Hydrothermally treated TiO2 was prepared by the 

hydrothermal condensation reaction of pristine TiO2. 



 

Figure S11. (a) H2 production plots of ReS2–C6H5COOH/single-phase TiO2. The H2 production 

performance of both ReS2–C6H5COOH/single-phase TiO2 photocatalysts was relatively lower 

than that ReS2–BzO–TiO2. (b) FT-IR spectra of each material. Zoomed-in spectra exhibit 

unspecified peaks (carboxylate C=O and C–O at 1735 and 1400 cm-1, respectively) for chemical 

binding between ReS2–C6H5COOH and single-phase TiO2. Consequently, chemical junctions 

between TiO2 and ReS2–C6H5COOH were not clearly detected. (c)-(f) XPS characterizations of 

ReS2–C6H5COOH/single-phase TiO2. As compared with two-phase TiO2 (Figure S2b), both of 

single-phase anatase and rutile TiO2 showed relatively small amounts of TiOH, which were 

involved in hydrothermal condensation reactions between TiO2 and ReS2–C6H5COOH.  



 

Figure S12. (a) Valence band XPS spectra, UPS spectra (secondary energy cutoff), and a Tauc 

plot of the indirect bandgap for bulk ReS2. (b),(c) Tauc plots of the indirect bandgap for ReS2–

C6H5COOH, TiO2, and ReS2–BzO–TiO2 from Kubelka-Munk functions converted by diffuse 

reflectance UV-vis spectra of each material (Eg = bandgap energy, EB = binding energy). (d) 

UPS spectra for Fermi edge of each material.  



 

Figure S13. (a),(b) Energy band diagrams estimated by combinations of (a) UPS, diffuse 

reflectance UV-vis spectroscopy (DRS), and valence band XPS spectra and (b) UPS and DRS 

spectra. EF indicates energy of the Fermi level. (c),(d) Proposed energy band diagrams of type II 

and Z-scheme, respectively for combinations of two semiconductors (S1,S2: semiconductors, Ec: 

conduction band energy, Ev: valence band energy, and EF: energy of Fermi level). 

 

 

 

 

 



 

Figure S14. (a) A H2 production plot of non-functionalized ReS2 NS/TiO2 in a 40 ml mixture 

solvent of water and methanol at a volume ratio of 1:1 under 1-sun. (b) A TEM image of ReS2 

NS/TiO2. ReS2 NS was prepared by tip-sonication of bulk ReS2 in DMF and followed by 

centrifugation. 

 

 

 

 

 

 

 

 

 

 



 

Figure S15. Photoelectrochemical properties of photocatalysts obtained in 0.5 M Na2SO4 (pH 

7.2). (a),(b) Linear sweep voltammograms and Nyquist plots of the impedance spectra for each 

photocatalyst, respectively. Linear sweep votammetry (LSV) was conducted at the scan rate of 5 

mV s-1. Electrochemical impedance spectroscopy (EIS) measurements were performed at 0.3 



VAg|AgCl for 0.1 Hz100 kHz with 10 mV. Inset in (b) depicts the equivalent circuit;5 Rs is the 

solution resistance, Rct represents the charge transfer resistance, while the double layer 

capacitance, the Warburg impedance, and the constant phase element are denoted as Cdl, Zw, and 

CPE, respectively. ReS2–BzO–TiO2 exhibited relatively high photocurrents and low charge 

transfer resistance as compared with other photocatalysts. (c) Transient photocurrent response as 

a function of 1-sun light irradiation at 1.0 VAg|AgCl in 0.5 M Na2SO4. (d) Transient absorption 

decays (pump beam: 350 nm, 1.5 mW). (e) PL emission (excitation = 375 nm). (f) Transient PL 

decays (laser: 488 nm, 200 W).  

  



 

 

Figure S16. (a) DRS spectra of pristine TiO2 and Pt/TiO2. The arrow indicates a red-shift of the 

absorption edge. (b) The rates of hydrogen generation of Pt/TiO2, TiO2, and ReS2–BzO–TiO2 

under LED (395405 nm)-light.  

 

  



Supporting calculation I: Density functional theory (DFT) 

DFT calculation was performed to understand changes in electronic structures for each condition 

from pure anatase TiO2 and ReS2 to ReS2–BzO–TiO2;  

 

(a)-(e) Calculated DOS of (a) anatase TiO2, (b) molecule-TiO2, (c) ReS2, (d) molecule-ReS2 

(functionalized ReS2), (e) ReS2–BzO–TiO2. (f),(g) Comparison of each DOS. (h) Partial DOS 

plots of (e). Due to the binding of ReS2-molecule, the conduction band consisting of Ti-3d and O 

was shifted to the left in DOS of ReS2–BzO–TiO2. At the same time, ReS2-molecule formed 

energy levels in the forbidden band. The energy required to transition from VBM through the 

forbidden band to CBM was reduced. 

 

 



First-principles have been employed to investigate the electronic structure properties, based on 

density functional theory in our systems with the projector augmented wave (PAW) method.6 

The exchange-functional has been treated using the generalized gradient approximation (GGA) 

of Perdew-Burke-Ernzerhof (PBE) functional.7 The energy cutoff for the plane wave basis 

expansion has been set to 400 eV and the force on each atom less than 0.05 eV/Å was set for 

convergence criterion of geometry relaxation. The surface and interface structure have been 

choose using the 2x2x1 Monkhorst and Pack k-point sampling. The effective value of U=4.36 eV 

was performed to describe the Ti 3d orbitals. The surfaces with slab strucutres has been 

established using equilibrium bulk geometry. These slabs were separated from their periodic 

images normal to the surface by a minimum vacuum gap of 12 Å, to give a pseudo-2D periodic 

system. In addition, spin polarized was also considered in our systems.  

 

  



Supporting calculation II: the apparent quantum yield (AQY) 

The apparent quantum yield (AQY) was calculated using equations (1) and (2).3 

AQY(%)

=
Number of reacted electrons

Number of incident photons
 × 100                                                                                  (1) 

AQY(%)

=
2 × 𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓𝐻2 𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒𝑠 

𝐿𝑖𝑔ℎ𝑡 𝑎𝑏𝑠𝑜𝑟𝑏𝑒𝑑 𝑏𝑦 𝑡ℎ𝑒 𝑝ℎ𝑜𝑡𝑜𝑐𝑎𝑡𝑎𝑙𝑦𝑠𝑡
𝑇ℎ𝑒 𝑎𝑣𝑒𝑟𝑎𝑔𝑒 𝑝ℎ𝑜𝑡𝑜𝑛 𝑒𝑛𝑒𝑟𝑔𝑦

 ×  𝑡 
 × 100                                                     (2) 

(I) Solar simulator (1 Sun)  

The photocatalysts were irradiated by a solar simulator (Oriel Sol3A Class AAA) with an AM 

1.5 filter for 3 h. The average incident irradiation was determined to be 1000 W∙m-2, and the area 

of the photoreactor was 33 cm2. The bandgaps of TiO2 and ReS2–BzO–TiO2 as estimated from 

DRS analysis were 3.10 eV and 1.3 eV, respectively. Therefore, unbound and free electron hole 

pairs can be generated at 250 nm <λ< 400 nm and 250 nm < λ< 953 nm, respectively. The 

average photonic wavelengths were λTiO2 = 325 nm and λReS2-BzO-TiO2 = 601 nm. 

Light absorbed by the photocatalyst = 1000 W𝑚−2 × 0.0033 𝑚2 = 3.3 𝐽𝑠−1             

The average photon energy (𝑇𝑖𝑂2) =
ℎ𝑐

λ
=

6.626 × 10−34𝐽𝑠 × 3 × 108 𝑚𝑠−1

325 × 10−9 𝑚
= 6.116 × 10−19 𝐽    

The average photon energy (𝑅𝑒𝑆2) =
ℎ𝑐

λ
=

6.626 × 10−34𝐽𝑠 × 3 × 108 𝑚𝑠−1

601 × 10−9 𝑚
= 3.307 × 10−19 𝐽   

The average amounts of hydrogen gas production within 1 h for TiO2 and ReS2–BzO–TiO2 were 

0.083 mmol/gcat and 1.900 mmol/gcat, respectively.  

𝐴𝑄𝑌TiO2(%) =
2 ×  0.083 × 10−3 𝑚𝑜𝑙 × 6.022 × 1023 𝑚𝑜𝑙−1

3.3 𝐽𝑠−1

6.116 × 10−19 𝐽 
 ×  3600 𝑠 

 × 100 =  0.51%       



𝐴𝑄𝑌ReS2−BzO−TiO2(%) =
2 ×  1.900 × 10−3 𝑚𝑜𝑙 × 6.022 × 1023 𝑚𝑜𝑙−1

3.3 𝐽𝑠−1

3.307 × 10−19 𝐽 
 ×  3600 𝑠 

 × 100 =  6.4 %             

In addition, the average amounts of hydrogen gas production within 1 h for ReS2-BzO-TiO2 were 

9.5 mmol h-1 per gram of ReS2.  

Thus,  

𝐴𝑄𝑌ReS2−BzO−TiO2(%) =
2 ×  9.5 × 10−3 𝑚𝑜𝑙 × 6.022 × 1023 𝑚𝑜𝑙−1

3.3 𝐽𝑠−1

3.307 × 10−19 𝐽 
 ×  3600 𝑠 

 × 100 =  32 %             

 (II) LED (395-405 nm) 

The photocatalysts were irradiated using a light-emitting diode (LED) lamp with a 395–405 nm 

wavelength (20 W) for 6 h. The average incident irradiation was determined to be 1301 W∙m-2, 

and the area of the photoreactor was 33 cm2.  

Light absorbed by the photocatalyst = 1301 W𝑚−2 × 0.0033 𝑚2 = 4.29 𝐽𝑠−1       

The average photon energy =
ℎ𝑐

λ
=

6.626 × 10−34𝐽𝑠 × 3 × 108 𝑚𝑠−1

400 × 10−9 𝑚
= 4.97 × 10−19 𝐽      

The average amounts of hydrogen gas production in 1 h for TiO2 and ReS2–BzO–TiO2 were 

0.022 mmol/gcat and 0.80143 mmol/gcat, respectively. 

𝐴𝑄𝑌TiO2(%) =
2 ×  0.022 × 10−3 𝑚𝑜𝑙 × 6.022 × 1023 𝑚𝑜𝑙−1

4.29 𝐽𝑠−1

4.97 × 10−19 𝐽 
 ×  3600 𝑠 

 × 100 =  0.085%       

𝐴𝑄𝑌ReS2−BzO−TiO2(%) =
2 ×  0.80143 × 10−3 𝑚𝑜𝑙 × 6.022 × 1023 𝑚𝑜𝑙−1

4.29 𝐽𝑠−1

4.97 × 10−19 𝐽 
 ×  3600 𝑠 

 × 100 =  3.11%         

In addition, the average amounts of hydrogen gas production within 1 h for ReS2–BzO–TiO2 was 

4.0 mmol h-1 per gram of ReS2. Thus,  

𝐴𝑄𝑌ReS2−BzO−TiO2(%) =
2 ×  4.00715 × 10−3 𝑚𝑜𝑙 × 6.022 × 1023 𝑚𝑜𝑙−1

4.29 𝐽𝑠−1

4.97 × 10−19 𝐽 
 ×  3600 𝑠 

 × 100 =  15.55%         

  



Supporting calculation III: Solar to hydrogen (STH) conversion efficiency 

Solar-to-hydrogen conversion (STH) efficiency is defined as the amount of chemical (H2) energy 

produced against the incident solar energy.8 The STH efficiency of each photocatalyst was 

calculated using the following equation: 

ηSTH(%)

= [
Chemical energy produced

Solar energy input
]                                                                              

ηSTH(%)

= [

Rate of 𝐻2 production ×  ∆𝐺
𝐻2𝑂→𝐻2+

1
2

𝑂2

Total incident solar power × Electrode Area
]                                            

ηSTH(%)

= [
(mmol 𝐻2 S−1) × (237000  J mol−1)

𝑃𝑇𝑎𝑡𝑎𝑙(mW  cm−2) × Area ( cm2)
]

AM 1.5G

                                               

 

ηSTH(𝑇𝑖𝑂2)𝑐𝑎𝑡𝑎𝑙𝑦𝑠𝑡 = [
(0.083 mmol/3600 s) × (237000  J mol−1)

3.3 × 1000 m𝐽 S−1
]

AM 1.5G 

× 100%                    

= 0.17 %                                                                                     

ηSTH(𝑅𝑒𝑆2 − 𝐵𝑧𝑂 − 𝑇𝑖𝑂2)𝑐𝑎𝑡𝑎𝑙𝑦𝑠𝑡

= [
(1.900 mmol/3600 s) × (237000  J mol−1)

3.3 × 1000 m𝐽 S−1
]

AM 1.5G 

× 100%                    

= 3.79%                                                          

ηSTH(𝑅𝑒𝑆2 − 𝐵𝑧𝑂 − 𝑇𝑖𝑂2)𝑅𝑒𝑆2

= [
(9.500 mmol/3600 s) × (237000  J mol−1)

3.3 × 1000 m𝐽 S−1
]

AM 1.5G 

× 100%             

= 19 %                                                           

 



  



Supporting additional analysis I: Sacrificial agent effect on photocatalytic H2 production. 

 

 

H2 production plots (under 1-sun) of each photocatalyst in terms of sacrificial agents; (a) 

methanol and (b) 0.25 M Na2S/0.35 M Na2SO3. Even though ReS2–C6H5COOH showed 

relatively higher performance in Na2S/Na2SO3 than others, the H2 production value of ReS2–

BzO–TiO2 in methanol was much higher than that of ReS2–C6H5COOH in Na2S/Na2SO3. 

Therefore, methanol was chosen as a sacrificial agent rather than Na2S/Na2SO3. 

 

 

 

 

 

 

 

 

 



Supporting additional analysis II: Chemical and structural information of ReS2–BzO–TiO2 

after 6-cyclic H2 production reactions (as shown in Figure 2d). 

 

(a)-(d) XPS characterization of ReS2–BzO–TiO2 after photocatalytic reactions. XPS spectra of 

each element showed no significant changes after photocatalytic reactions. (e) TEM image of 

pristine TiO2. The blue dotted line indicates interparticle (or interphase) junctions. (f) TEM 

image of ReS2–BzO–TiO2 after photocatalytic reactions. The blue dotted lines indicate junctions 

between anatase and rutile phases. 



Supporting additional analysis III: Phase information of ReS2–BzO–TiO2 after 6-cyclic H2 

production reactions (as shown in Figure 2d). 

 

 

XRD spectra of ReS2–BzO–TiO2 before and after the 6-cyclic H2 production reaction.  



Supporting Table S1: Performance comparison between our catalyst system and previously 

reported TMDs/TiO2 photocatalysts for hydrogen evolution. 

 

Photocatalyst Sacrificial 

agents 

Light source  Photoactivity 

[mol g-1 h-1] 

Ref. 

Molecular-linked 

ReS2-BzO-TiO2 

hybrid 

50 vol% 

methanol/H2O 

AM 1.5 solar power 

system 

 

9500 

 

This 

work Blue LED 4000 

TiO2@ReS2 20 vol% 

methanol/H2O 

300 W Xe lamp 1404 Ref.9  

MoS2/TiO2 edge-on 

heterostructures 

20 vol% 

methanol/H2O 

300 W Xe lamp 4300 Ref.10 

Nitrogen doped-

TiO2−x@MoS2 core-

shell nanocomposites 

20 vol% 

methanol/H2O 

AM 1.5 solar power 

system 

 

1882 

 

 

Ref.11 

TiO2–MoS2(1T) hybrid 25 vol% 

methanol/H2O 

 

300 W Xe  Lamp, λ < 400 

nm 

~2000  

 

Ref.12 TiO2–MoS2(2H) hybrid ~175 

TiO2/1T–WS2 25 vol% 

methanol/H2O 

300 W Xe source 

with an AM 1.5 filter 

2570  

Ref.13 
TiO2/2H–WS2 225 

MoS2@TiO2-15wt% TEOA 300 W Xe source 

with an AM 1.5 filter 

2160  

Ref.14 

MoS2/TiO2 (0.14 wt%) 

hybrids 

25 vol% 

methanol/H2O 

UV light ,λ = 365 nm 2443 Ref.15 

2D−2D SnS2/TiO2 

nanosheet 

heterojunctions 

50 vol% 

methanol/H2O 

300 W Xe lamp 652.4 Ref.16 

TiO2 nanofiber  

@MoS2 nanosheets 

0.35M Na2S 

and 0.25M 

Na2SO3 

300 W Xe lamp, 

λ = 320–780 nm 

1680 (λ > 320 nm); Ref.17 

490 (λ > 420 nm) 

2D-2D MoS2/TiO2 

nanocomposites 

10 vol% 

methanol/H2O 

300 W Xe lamp 2145 Ref.18 

a-MoSx@MPA-TiO2 

colloidal nanodots 

20 vol% 

methanol/H2O 

300 W Xe lamp 

(λ > 300 nm) 

259.2 Ref.19 
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