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to carbon-free/clean hydrogen (H2) fuel 
via environmentally benign and low cost 
photocatalysis is of significant interest.[1–29] 
However, reported efficiencies for photo-
catalytic H2 evolution are practically poor.

Rational design and synthesis of highly 
efficient and robust photocatalysts requires 
an accurate understanding of atomic-level 
composition/structure-performance cor-
relation,[6,7,21,23,25–32] and thermodynamics/
kinetics of light-induced charge carriers in 
photocatalysts.[3,4,6,9–13,16–24,26,28–32] Hence, 
advanced characterizations including, 
aberration-corrected scanning transmis-
sion electron microscopy (AC-STEM), 
synchrotron-based X-ray absorption near  
edge structure (XANES), in situ X-ray  
photoelectron spectroscopy (XPS), tran-
sient-state photoluminescence spectros-
copy (TSPL), and transient-state surface 
photovoltage spectroscopy (TSSPV), are 
usually combined with density functional 
theory (DFT) computations, to reveal 
atomic-scale structure/composition-

activity relationship and charge dissociation/transfer dyna
mics.[6,21,23,25,26,28–32]

2D transitional metal chalcogenides (TMCs) are a wide 
variety of materials applied in many fields, such as catal-
ysis,[33–50] energy storage,[39,51] and (opto)electronics.[52,53] As 
a typical TMC, 2D ReSe2, exhibits intriguing advantages: 
1) alterable electronic bandgap width to balance light absorp-
tion range and redox abilities of photo-induced electrons/holes; 
2) ultrathin thickness to facilitate bulk-to-surface charge migra-
tion; 3) large surface area to enable strong electronic coupling 
with other materials; 4) numerous edge active sites.[33–48] Nev-
ertheless, 2D ReSe2 is rarely adopted for photocatalysis. Addi-
tionally, atomic-level and controlled engineering of 2D ReSe2 to 
optimize physicochemical properties for high efficiency photo-
catalysis is not reported.

In this work for the first time, we report atomic-level and 
controlled engineering of 2D ReSe2 via sonication-assisted 
liquid exfoliation to synthesize ReSe2 nanosheets (NSs) with 
abundant in situ generated edge defects. Theoretical compu-
tation confirms existence of abundant active sites along edge-
defected ReSe2 for hydrogen evolution reaction (HER). We 
demonstrate atomic-level engineered ReSe2 NSs as a universal 
platform to couple with different photocatalysts including metal 
oxide (TiO2), metal sulfides (CdS and ZnIn2S4), and metal-free 
nitride (C3N4) to achieve significantly-boosted H2 evolution. 

Solar hydrogen (H2) generation via photocatalytic water splitting is practi-
cally promising, environmentally benign, and sustainably carbon neutral. 
It is important therefore to understand how to controllably engineer photo
catalysts at the atomic level. In this work, atomic-level engineering of defected 
ReSe2 nanosheets (NSs) is reported to significantly boost photocatalytic H2 
evolution on various semiconductor photocatalysts including TiO2, CdS, 
ZnIn2S4, and C3N4. Advanced characterizations, such as atomic-resolution 
aberration-corrected scanning transmission electron microscopy (AC-STEM), 
synchrotron-based X-ray absorption near edge structure (XANES), in situ 
X-ray photoelectron spectroscopy (XPS), transient-state surface photovoltage 
(SPV) spectroscopy, and transient-state photoluminescence (PL) spectroscopy, 
together with theoretical computations confirm that the strongly coupled 
ReSe2/TiO2 interface and substantial atomic-level active sites of defected ReSe2 
NSs result in the significantly raised activity of ReSe2/TiO2. This work not only 
for the first time realizes the atomic-level engineering of ReSe2 NSs as a ver-
satile platform to significantly raise the activities on different photocatalysts, 
but, more importantly, underscores the immense importance of atomic-level 
synthesis and exploration on 2D materials for energy conversion and storage.

Research Article
﻿

1. Introduction

Continued burning of finite fossil fuels is accelerating envi-
ronmental contamination and global warming with climate 
change. Therefore, transformation of renewable solar energy 
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Via advanced characterizations and theoretical computation, 
we confirm intense electronic interaction between ReSe2 NSs 
and TiO2 NPs, together with atomic-scale active sites of ReSe2 
NSs result in the high activity. Our work not only demonstrates 
that the as-synthesized ReSe2 NSs act as the versatile platform 
to greatly raise photocatalytic H2 evolution, but also provides 
insights into the atomic-level design/synthesis of TMC based 
materials toward renewable energy conversion/storage.

2. Results and Discussion

2.1. ReSe2 NS and its combination with various photocatalysts

A facile and sonication-assisted liquid-exfoliation route was 
developed to synthesize ReSe2 nanosheets (NSs) with plen-
tiful edge defects. In detail, bulk ReSe2 was ground in an agate 
mortar and sonicated in an ice bath for 6 h. This route not only 
exfoliated bulk ReSe2 to ReSe2 NSs, but also selectively gener-
ated abundant defects along the edge of ReSe2 NSs. This is 
because that strong sonication generates local-area high tem-
perature and pressure via cavitation effect[54] that helps break 
the relatively weaker Re-Se chemical bond(s) at the edge of 
ReSe2, but not the stronger Re-Se bond(s) in the basal plane of 
ReSe2.

To confirm this, atomic-resolution HAADF-STEM images 
of ReSe2 NSs with Re vacancy (VRe) and corresponding inten-
sity profiles were obtained (Figure 1a–h). All atomic-resolution 
HAADF-STEM images of ReSe2 NSs were obtained using 
low electron dose to avoid electron beam induced generation/
evolution of defects. Notably, Figure S1 (Supporting Informa-
tion) show the same images as Figure 1a,c,e,g, respectively. As 
annotated in Figure S1 (Supporting Information), Figure  1a,c 
show ReSe2 (010) edge; while Figure  1e,g display ReSe2 
(100) edge. According to intensity profiles (Figure  1b,d,f,h), 
Figure  1a,c exhibit ReSe2 (010) edge with one and two VRe, 
respectively; while Figure  1e-g display ReSe2 (100) edge with 
one and two VRe, respectively. In contrast, no VRe is observed 
in the basal plane for ReSe2 NSs, as indicated by the HAADF-
STEM image (Figure S2a,b, Supporting Information) and corre-
sponding intensity profile (Figure S2c, Supporting Information) 
of ReSe2 NSs basal plane. To confirm these ReSe2 edge defects 
were generated during exfoliation, atomic-resolution HAADF-
STEM images and corresponding intensity profiles for bulk 
ReSe2 were determined (Figure S3, Supporting Information). 
Based on intensity profiles (Figure S3c,f, Supporting Infor-
mation), no VRe was observed along the (010) and (100) edge 
of bulk ReSe2. Additionally, no VRe was found in the atomic-
resolution HAADF-STEM image of bulk ReSe2 basal plane 
(Figure S4a,b, Supporting Information). The Raman spectra for 
bulk ReSe2 and ReSe2 NSs (Figure 1i) exhibit peaks in the range 
100–300 cm−1, resulting from complexity of lattice vibrations in 
triclinic phase ReSe2.[55,56] The peaks at 122/123 cm−1 are attrib-
uted to Eg-like in-plane vibration mode, and peaks at 157/159 
and 171/173 cm−1 are attributed to Ag-like out-of-plane vibration 
mode (Figure 1i). Figure 1i also shows that all peaks for ReSe2 
NSs shift to the left, compared with those for bulk ReSe2. This 
could arise from generation of defects in ReSe2 NSs during 
exfoliation of bulk ReSe2.[5] As shown in Table S1 (Supporting 

Information), bulk ReSe2 shows the Se/Re atomic ratios of 1.852 
and 1.516, based on inductively coupled plasma atomic emis-
sion spectroscopy (ICP-AES) and energy-dispersive X-ray spec-
troscopy (EDS), respectively. These results indicate the existence 
of Se vacancies in bulk ReSe2. This is further corroborated by 
the atomic-resolution HAADF-STEM image and corresponding 
intensity profile (Figure S4a–c, Supporting Information), indi-
cating the existence of VSe and absence of VRe in the basal plane 
of bulk ReSe2. In contrast, after exfoliation, ReSe2 NSs exhibit 
the raised Se/Re atomic ratios of 1.925 and 1.690, based on 
ICP-AES and EDS, respectively (Table S1, Supporting Infor-
mation). These results are attributed to the in situ generation 
of abundant VRe along the edge of ReSe2 NSs, as evidenced by 
atomic-resolution HAADF-STEM images (Figure  1a,c,e,g) and 
corresponding intensity profiles (Figure 1b,d,f,h). Furthermore, 
the atomic-resolution HAADF-STEM image (Figure S2a,b, 
Supporting Information) and corresponding intensity profiles 
(Figure S2c and d) for the basal plane of ReSe2 NSs suggest 
the absence of VRe and existence of VSe in the basal plane of 
ReSe2 NSs. As shown in Figure S5 (Supporting Information), 
HER activity of ReSe2 NSs is significantly raised than that of 
bulk ReSe2, indicating existence of much more active sites in 
ReSe2 NSs compared with those in bulk ReSe2. Notably, ReSe2 
NSs has current density of ≈−0.261 mA cm-2 at 0 V versus RHE 
in Figure S5 (Supporting Information), arising from the capaci-
tive current of high-surface-area catalysts.[57]

To reveal the atomic-level HER active sites of edge defected 
ReSe2, density functional theory (DFT) computations were 
conducted to determine the values for hydrogen adsorption 
Gibbs energy (ΔGH*) on 58 sites at basal plane (Figure S6a,b, 
Supporting Information), (010) edge (Figure S6c,d, Supporting 
Information), (100) edge (Figure S6e,f, Supporting Information), 
defected (010) edge (Figure S7a–d, Supporting Information), and 
defected (100) edge (Figure S7e–h, Supporting Information) of 
ReSe2 monolayer. Corresponding ΔGH* values for these 58 sites 
are shown in Tables S2–S8 (Supporting Information). Atomic 
structures showing computed active sites are displayed in 
Figure S7a,c,e,g (Supporting Information), and corresponding 
HER diagrams are shown in Figure S7b,d,f,h (Supporting 
Information), respectively. Besides, we have also calculated the 
ΔGH* values on 16 sites at the basal plane of four types of ReSe2 
monolayers with one VSe (Figure S8a–h and Tables S9–S12, 
Supporting Information). All the computed active sites are 
highlighted in red color. Based on these findings, it is con-
cluded as follows: 1) no active sites are in the basal plane of non-
defected ReSe2 because of the largely positive values for ΔGH* 
(Figure S6a,b and Table S2, Supporting Information), rendering 
it difficult for proton adsorption; 2) no active sites exist at the 
edge of ReSe2 without defect, although the edge sites show sig-
nificantly lower values for │ΔGH*│(Figure S6c–f and Tables S3 
and S4, Supporting Information) compared with those at the 
basal plane of ReSe2; 3) there are abundant active sites at the 
edge of ReSe2 with one or two VRe (Figure S7 and Tables S5–S8, 
Supporting Information); 4) these are some active sites at the 
basal plane of ReSe2 monolayers with one VSe (Figure S8c–f 
and Tables S10 and S11, Supporting Information). Among all 
these active sites, some are highly active as confirmed by near-
zero│ΔGH*│ values, for example, Se2 at ReSe2 (010) edge with 
one VRe (ΔGH* = 0.05 eV; Figure S7a,b and Table S5, Supporting 
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Information) and Se6 at ReSe2 (100) edge with one VRe 
(ΔGH* = −0.05 eV; Figure S7e,f and Table S7, Supporting Infor-
mation). Theoretical computations disclose existence of 17 Re/
Se active sites along the (010) and (100) edge of defected ReSe2, 
in agreement with atomic-resolution HAADF-STEM images of 
defected ReSe2 (Figure  1a,c,e,g) and HER activity (Figure S5, 

Supporting Information). Additionally, three Re/Se active sites 
are located in the basal plane of two types of ReSe2 monolayers 
with one VSe (Figure S8c–f, Supporting Information).

The atomic force microscopy (AFM) image of ReSe2 NSs 
(Figure S9a, Supporting Information) exhibits lateral sizes 
of ≈250–320  nm. Accordingly, the height profile for ReSe2 

Adv. Mater. 2023, 35, 2210164

Figure 1.  a) Atomic-Resolution low-dose HAADF-STEM image of ReSe2 (010) edge with one VRe and b) the corresponding intensity profile showing the 
existence of one VRe. c) Atomic-Resolution low-dose HAADF-STEM image of ReSe2 (010) edge with two VRe and d) the corresponding intensity profile 
showing the existence of two VRe. e) Atomic-resolution low-dose HAADF-STEM image of ReSe2 (100) edge with one VRe and f) the corresponding 
intensity profile exhibiting the existence of one VRe. g) Atomic-resolution low-dose HAADF-STEM image of ReSe2 (100) edge with two VRe and h) the 
corresponding intensity profile displaying the existence of two VRe. i) Raman spectra of bulk ReSe2 and ReSe2 NSs. Brightness of (a,c,e,g) was increased 
to highlight atoms of ReSe2.
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NSs (Figure S9b, Supporting Information) exhibits a thick-
ness of ≈11.8  nm. The HAADF-STEM images of ReSe2 NSs 
(Figure S10a, Supporting Information) and EDX elemental 
mapping images of Re (Figure S10b, Supporting Information) 
and Se (Figure S10c, Supporting Information) for ReSe2 NSs 
confirm successful synthesis of ReSe2 NSs. Transmission elec-
tron microscopy (TEM) images of ReSe2 NSs (Figure S11a, Sup-
porting Information) exhibit lateral size of ≈100–230  nm. The 
high-resolution (HR)TEM images of ReSe2 NSs (Figure S11b, 
Supporting Information) exhibit two inter-planar distances, of 
0.17 and 0.21 nm, with an angle of 51.3° corresponding to the 
(4-20) and (210) facets for triclinic ReSe2, respectively. This is 
in accordance with the corresponding FFT pattern of ReSe2 
NSs (Figure S11c, Supporting Information). The energy dis-
persive X-ray spectroscopy (EDX) spectrum for ReSe2 NSs 
(Figure S11d, Supporting Information) indicates existence 
of Re and Se elements, in accordance with the above results. 
Furthermore, many TEM images of ReSe2 NSs have been col-
lected to establish the lateral size distribution and thickness 
distribution of ReSe2 NSs in Figure S12a,b (Supporting Infor-
mation), respectively. For ReSe2 NSs, Figure S12a (Supporting 
Information) shows an average lateral size of 158.7  nm while 
Figure S12b (Supporting Information) exhibits an average 
thickness distribution of 25.6 nm. Furthermore, the XRD pat-
tern of ReSe2 NSs is in accordance with the standard XRD 
pattern of triclinic-phase ReSe2 (JCPDS #52-0828; Figure S13, 
Supporting Information). Further observation on Figure S13 
(Supporting Information) indicates the slight right shift of XRD 
peaks for ReSe2 NSs compared to those of standard ReSe2, due 
to the existence of Re/Se vacancies in the crystal structure. This 
is also in agreement with the HAADF-STEM images of ReSe2 
NSs. The high-resolution XPS spectra of Re 4f and Se 3d for 
ReSe2 NSs are shown in Figure S14a,b (Supporting Informa-
tion), respectively. As shown in Figure S15a (Supporting Infor-
mation), the diffuse reflectance UV–vis–NIR absorption spectra 
of powder-form ReSe2 NSs and bulk ReSe2 exhibit the absorp-
tion edges at 1158 and 1251 nm, corresponding to the band gaps 
of 1.07 and 0.99  eV, respectively. The blue-shifted band edge 
and increased bandgap of ReSe2 NSs compared to bulk ReSe2 
arise from the reduced lateral size and thickness. Notably, the 
bandgap of ReSe2 NSs is narrower than the reported value,[22] 
due to the existence of abundant vacancies in the crystal struc-
ture. The Mott–Schottky (MS) plot for ReSe2 NSs (Figure S15b, 
Supporting Information) exhibits a flat band potential of 
−0.47  V versus Ag/AgCl electrode. Therefore, the Fermi level 
(EF) for ReSe2 NSs is determined to be −0.47 V versus Ag/AgCl 
electrode, equivalent to 0.16  V versus standard hydrogen elec-
trode (SHE). The XPS valence band (VB) spectrum of ReSe2 
NSs (Figure S15c, Supporting Information) shows that the VB 
edge potential of ReSe2 NSs is 0.62 V versus EF. As a result, the 
VB edge potential of ReSe2 NSs is 0.78  V versus SHE. There-
fore, the conduction band (CB) edge potential of ReSe2 NSs is 
−0.29 V versus SHE. Thus, the CB edge potential of ReSe2 NSs 
(Figure S16, Supporting Information) is more negative than H2 
evolution potential (0.0 V vs SHE), suggesting that the photo-
induced electrons on the CB of ReSe2 NSs can reduce protons 
to gaseous H2. The photo-induced holes in the VB of ReSe2 NSs 
possess weak oxidation ability (0.78 V vs SHE; Figure S16, Sup-
porting Information), which cannot realize oxygen evolution 

reaction (1.23  V vs SHE). Given the numerous edge Re/Se 
active sites, excellent charge mobility but weak oxidation ability 
of holes, ReSe2 NSs should be coupled by other photocatalyst(s) 
with strongly oxidative holes rather than used alone for photo-
catalytic H2 evolution.

Therefore, we have dispersed different photocatalysts 
including TiO2, CdS, ZnIn2S4, and C3N4, respectively, on ReSe2 
NSs. The samples were annotated, respectively, ReSe2/TiO2, 
ReSe2/CdS, ReSe2/ZnIn2S4, and ReSe2/C3N4. The photocatalytic 
H2 evolution activity for each is shown in Figure 2a. Impor-
tantly, it is seen in Figure 2a that in comparison with bare sam-
ples (TiO2, CdS, ZnIn2S4 or C3N4), hybridized samples exhibit 
significantly boosted H2 evolution. Especially, ReSe2/TiO2 
displays a tremendous raise on photocatalytic H2 evolution 
(2081  µmol h−1 g−1), ≈9048% times greater than that for TiO2. 
This is the greatest enhancement factor among the four cou-
pled samples (Figure 2a). Therefore, advanced characterization 
and theoretical computation were collectively undertaken to 
determine the origin for high activity on ReSe2/TiO2. Given that 
photocatalytic H2 evolution of ReSe2/TiO2 occurred in ≈17 vol.% 
triethanolamine aqueous solution, all theoretical computations 
were carried out considering the solvation effect in 17 vol.% 
triethanolamine aqueous solution.

2.2. Structures and Compositions of ReSe2/TiO2 Composites

The 6.0, 50.0, 62.0, and 83.0  mL of ReSe2 NSs ethanol solu-
tions, were, respectively, combined with 50  mg TiO2 NPs via 
self-assembly using physical mixing. Accordingly, samples 
obtained were annotated, respectively, 6.0RT, 50.0RT, 62.0RT, 
and 83.0RT. Bare TiO2 NPs were denoted as 0.0RT. A HAADF-
STEM image of 0.0RT (TiO2 NPs in Figure S17a, Supporting 
Information) exhibits the sizes of ≈19–35 nm. Elemental map-
ping images for Ti (Figure S17b, Supporting Information) and 
O (Figure S17c, Supporting Information) are in accordance with 
HAADF-STEM image of TiO2 NPs. High-resolution HAADF-
STEM image of TiO2 NPs (Figure S17d, Supporting Informa-
tion) show the lattice spacing of 0.37 nm, attributed to the (100) 
crystal facet of anatase TiO2. As shown in Figure S18 (Sup-
porting Information), the Raman spectrum of 0.0RT (TiO2 NPs) 
exhibits several characteristic bands in the range 100–700 cm−1. 
These are attributed to Ti-O stretching modes [A1g, B1g(2), Eg(3)] 
and Ti-O-Ti deformations [Eg(1), B1g(1)] of anatase TiO2.[23] The 
as-synthesized samples were characterized via X-ray diffrac-
tion (XRD). XRD patterns for 0.0RT, 6.0RT, 50.0RT, 62.0RT, 
and 83.0RT are given in Figure S19 (Supporting Information). 
Compared with the XRD peaks for 0.0RT, the peaks assigned to 
anatase and rutile phase of TiO2 for ReSe2/TiO2 composites dis-
play the gradually reduced intensities (Figure S19, Supporting 
Information). This is because of gradually decreased contents of 
TiO2 in 6.0RT (≈96.83%), 50.0RT (≈78.55%), 62.0RT (≈74.71%) 
and 83.0RT (≈68.81%), as estimated from the concentration of 
ReSe2 NSs (≈273.04 µg mL−1) determined by ICP-AES.

No peak shifts were evident in the patterns for ReSe2/TiO2 
composites (6.0RT, 50.0RT, 62.0RT, and 83.0RT) in comparison 
with that for 0.0RT (TiO2). The reason is that, the room-tem-
perature physical coupling of ReSe2 with TiO2 did not alter the 
crystal/phase structure in anatase and rutile TiO2. Additionally, 

Adv. Mater. 2023, 35, 2210164
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the appearance of triclinic-phase ReSe2 peaks (JCPDS #52-0828) 
in the patterns for ReSe2/TiO2 composites confirms existence 
of ReSe2 in ReSe2/TiO2 composites (Figure S19, Supporting 
Information).

Subsequently, a representative ReSe2/TiO2 composite, 
62.0RT, was studied using TEM, HRTEM, atomic-resolution 
HAADF-STEM, EDX spectroscopy, electron energy loss spec-
troscopy (EELS), and EDX elemental mapping. The TEM image 
of 62.0RT (Figure  2b) indicates that numerous TiO2 NPs are 
decorated on the ReSe2 NSs surface. The HRTEM image of 
62.0RT (Figure  2c) exhibits two lattice spacing values, 0.55 
and 0.58 nm, and an angle of 59.6°, corresponding to the (010) 
and (100) facets of triclinic ReSe2, respectively. Additionally, 
Figure  2c exhibits two inter-planar spacing values of 0.26 and 
0.35 nm, and an angle of 77°, attributed to the (012) and (101) 
facets of anatase TiO2, respectively. These are in accordance 
with the corresponding FFT pattern of 62.0RT (Figure S20, 
Supporting Information). The atomic-resolution HAADF-
STEM image of anatase TiO2 in 62.0RT (Figure  2d) exhibits 
the dumbbell structure for anatase TiO2. Two lattice spacing 
values of 0.49 and 0.18  nm, together with an angle of 90° are 
seen in Figure 2d, which are attributed to the (002) and (020) 

facets of anatase TiO2, respectively. Additionally, Figure  2e 
exhibits two lattice spacing values of 0.58 and 0.57  nm with 
an angle of 62.6°, in accordance with the (100) and (1-10) 
facets of triclinic ReSe2, respectively. Figure  2f suggests exist-
ence of Ti, O, Re, and Se elements, supporting the combina-
tion of TiO2 and ReSe2 in 62.0RT. Furthermore, the HAADF-
STEM image of 62.0RT (Figure S21a, Supporting Information) 
and corresponding elemental mapping images of Re (Figure 
S21b, Supporting Information), Se (Figure S21c, Supporting 
Information), Ti (Figure S21d, Supporting Information), and 
O (Figure S21e, Supporting Information), all evidently sup-
port the loading of plentiful TiO2 NPs on the surface of ReSe2 
NSs. The electron redistribution between ReSe2 NSs and TiO2 
NPs in 62.0RT was studied utilizing various characterizations 
including, AFM-Kelvin probe force microscopy (KPFM), EELS, 
XPS, synchrotron-based XANES, and theoretical computation. 
An AFM image of 62.0RT (Figure S22a, Supporting Informa-
tion) exhibits aggregation of TiO2 NPs dispersed on the surface 
of ReSe2 NS. The corresponding KPFM image (Figure S22b, 
Supporting Information) and potential profile (Figure S22c, 
Supporting Information) in darkness, confirm that the sur-
face potential for TiO2 NPs are greater than for ReSe2 NS. This 

Adv. Mater. 2023, 35, 2210164

Figure 2.  a) Photocatalytic H2 evolution on TiO2, ReSe2/TiO2, CdS, ReSe2/CdS, ZnIn2S4, ReSe2/ZnIn2S4, C3N4, and ReSe2/C3N4 in ≈17.0 vol.% trietha-
nolamine aqueous solution. TiO2 and ReSe2/TiO2 were illuminated with xenon light without cut-off filter. CdS, ReSe2/CdS, ZnIn2S4, ReSe2/ZnIn2S4, 
C3N4, and ReSe2/C3N4 were illuminated using visible light (λ > 400 nm). b) TEM and c) HRTEM images of 62.0RT. d) Atomic-resolution HAADF-STEM 
image of TiO2 NPs in 62.0RT. e) Atomic-resolution low-dose HAADF-STEM image of ReSe2 NSs in 62.0RT. f) EDX spectrum of 62.0RT. Brightness of 
Figure 2e was increased to highlight atoms of ReSe2.
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finding indicates electron transfer from TiO2 NPs to ReSe2 
NS after coupling in 62.0RT. Additionally, EELS Ti L edge 
(Figure 3a) and O K edge (Figure 3b) of the area located at the 
ReSe2/TiO2 interface in 62.0RT were obtained. As shown in 
Figure 3a,b, there is the apparent right shift of Ti L edge and 
O K edge for 62.0RT to higher energy loss direction, compared 
to those for 0.0RT. This finding also corroborates the electron 
transfer from TiO2 NPs to ReSe2 NSs at the interface area in 
62.0RT.

Since the AFM-KPFM and EELS findings confirm only the 
local-area interfacial electron redistribution in 62.0RT, surface-
sensitive XPS techniques were used to determine the overall 
electron redistribution at the surface of 62.0RT. As shown in 
Figure 3c,d, in comparison with Re 4f and Se 3d peaks of ReSe2 
NSs, those of 62.0RT exhibit apparent left shift of 0.7–1.0  eV 
to low binding energy direction. These findings strongly evi-
dence the electron migration from TiO2 NPs to ReSe2 NSs at 
the surface of 62.0RT. The high-resolution XPS spectra of Ti 2p 
for 62.0RT (Figure 3e) exhibit no apparent peak shift compared 
with that for 0.0RT, due to the much higher content of TiO2 
(≈74.71 wt.%; Table S13, Supporting Information) than that of 
ReSe2 (≈25.29 wt.%) in 62.0RT. However, the O 1s XPS peak for 
62.0RT (Figure  3f) shows movement toward the high binding 
energy direction, in contrast to that for 0.0RT, supporting elec-
tron extraction from TiO2 to ReSe2 in 62.0RT. Because XPS 
can supply only information around the surface of 62.0RT, 
synchrotron-based XANES was used to determine electron 
redistribution in both the bulk and surface of 62.0RT. However, 
Figures S23 (Supporting Information) shows no apparent differ-
ence in the Se L edge, Ti L edge, and O K edge, when comparing 
those of 62.0RT with those of ReSe2 NSs or 0.0RT. These find-
ings confirm electron transfer occurs only around the surface 
of 62.0RT, especially the interface between ReSe2 NSs and TiO2 
NPs in 62.0RT. Additionally, the work functions for ReSe2 and 
TiO2 considering the solvation effect were computed, respec-
tively. ReSe2 displays a greater work function (Φ  = 3.946  eV; 
Figure S24a, Supporting Information) compared with that for 
TiO2 (Φ = 3.466 eV; Figure S24b, Supporting Information), sug-
gesting electron transfer from TiO2 to ReSe2 as these contact 
with each other. Importantly, this finding is further corroborated 
via the computed differential charge density map for ReSe2/
TiO2 (Figure  3g). The apparent electron transfer from TiO2 to 
ReSe2 is confirmed with a Bader charge of 0.48│e│(Figure 3g). 
Therefore, it is concluded that experimental characterizations 
and theoretical computation jointly disclose strong interface/
surface electronic interaction in 62.0RT.

2.3. Photocatalytic Performances of ReSe2/TiO2 Composites

The photocatalytic H2 evolution rates for 0.0RT, 6.0RT, 50.0RT, 
62.0RT, 83.0RT, and ReSe2 NSs were determined in ≈17 vol.% 
triethanolamine aqueous solution using xenon light (Figure 3h). 
TiO2 (0.0RT) exhibits a very low efficiency of 23 µmol h−1 g−1. 
After coupling with a small amount of ReSe2 NSs (≈3.17 wt.%; 
Table S13, Supporting Information), 6.0RT shows an obvious 
increase on photocatalytic H2 evolution (555  µmol h−1 g−1; 
Figure  3h). Raising ReSe2 content leads to a further boost on 
H2 evolution to 975 µmol h−1 g−1. The highest H2-evolution rate 

(2081 µmol h−1 g−1) is achieved by 62.0RT. Hence, 62.0RT ranks 
as one of the most active TiO2 based photocatalysts without any 
noble metal (Table S14, Supporting Information). However, fur-
ther increasing ReSe2 results in a reduction on H2 evolution to 
1368 µmol h−1 g−1. This finding is attributed to blocked surface 
active sites and shielded light absorption caused by redundant 
ReSe2 NSs in 83.0RT. Additionally, ReSe2 NSs exhibits a very 
low photocatalytic H2 evolution (1  µmol h−1 g−1). The explana-
tion is that the photogenerated holes with weak oxidation ability 
in ReSe2 NSs cannot be efficiently consumed by the electron 
donor, triethanolamine, thereby leading to rapid recombination 
of photo-generated electrons and holes.

Robustness of 62.0RT on photocatalytic H2 evolution was 
also assessed. As shown in Figure S25a (Supporting Infor-
mation), after 3  h photocatalytic reaction, 62.0RT reserved 
≈53.8% of the H2 evolution in the first hour. This finding con-
firms acceptable stability of 62.0RT. To investigate the reduced 
photocatalytic efficiency of 62.0RT, a range of characterizations 
were carried out. 62.0RT after the 3 h reaction was denoted as 
62.0RT-A. A TEM image of 62.0RT-A (Figure S25b, Supporting 
Information) shows no apparent difference in morphologies 
of TiO2 NPs and ReSe2 NSs compared with those for 62.0RT 
(Figure 2b). The EDX spectrum for 62.0RT-A (Figure S25c, Sup-
porting Information) indicates existence of Re, Se, Ti, and O 
elements, in accordance with those for 62.0RT before reaction 
(Figure  2f). Thus, atomic-resolution HAADF-STEM was used 
to further explore 62.0RT-A. Some amorphous region at the 
edge of ReSe2 NSs in 62.0RT-A can be seen in Figure S25d,e 
(Supporting Information), suggesting that the photo- and/or 
chemical-corrosion can result in amorphization of active edge 
sites for ReSe2 NSs. This can lead to activity reduction fol-
lowing the 3  h reaction of 62.0RT. HER electrochemical sta-
bility of 62.0RT (Figure S26, Supporting Information) displays 
the excellent HER stability of 62.0RT and its robustness in 
the reduction and alkaline environments. This finding reveals 
that the instability of 62.0RT could arise from self-oxidation of 
ReSe2 NSs by photo-generated holes.

2.4. Origin of High Performance for ReSe2/TiO2 Composite

To determine the origin of significant raise on photocatalytic 
efficiency, both state-of-art characterizations and theoretical 
computation were conducted for the most active ReSe2/TiO2 
nanocomposite (62.0RT). Since charge separation/transfer effi-
ciency is of central importance for photocatalytic H2 evolution, 
a series of characterizations, including steady-state/transient-
state photoluminescence (PL) spectroscopy, steady-state/
transient-state surface photo-voltage (SPV) spectroscopy, in situ 
XPS, and transient photocurrent density (TPC) measurement, 
were adopted.

The steady-state photoluminescence (PL) spectra for 0.0RT 
and 62.0RT (Figure S27a, Supporting Information) exhibit that 
the PL intensity of 62.0RT is much lower than that for 0.0RT. 
This confirms that the charge carrier recombination is signifi-
cantly reduced for 62.0RT compared with that for 0.0RT. The 
transient-state PL spectra for 0.0RT and 62.0RT are shown in 
Figure S27b (Supporting Information). 62.0RT exhibits longer 
fitted charge carrier lifetimes (τ1 = 0.171 ns, τ2 = 3.850 ns and 
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Figure 3.  Electron energy loss spectroscopy (EELS) spectra of a) Ti L edge and b) O K edge for 0.0RT and 62.0RT. High-resolution XPS spectra of 
c) Re 4f and d) Se 3d for ReSe2 NSs and 62.0RT. High-resolution XPS spectra of e) Ti 2p and f) O 1s for 0.0RT and 62.0RT. g) Computed differential 
charge density map at interface of ReSe2 (002) facet/TiO2 (111) facet system considering solvation effect in 17 vol.% triethanolamine aqueous solu-
tion. h) Photocatalytic H2 evolution of 0.0RT, 6.0RT, 50.0RT, 62.0RT, 83.0RT and ReSe2 NSs in ≈17 vol.% triethanolamine aqueous solution using 
xenon light.
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intensity-averaged τave  = 0.313  ns), than those for 0.0RT (τ1  = 
0.167 ns, τ2 = 3.631 ns, and τave = 0.260 ns), suggesting boosted 
separation/transfer of photo-generated electrons and holes in 
62.0RT compared with that in 0.0RT.

Steady-state/transient-state PL spectroscopy provides infor-
mation on the charge separation/transfer both on the surface 

and in the bulk of 62.0RT. However, given that photocatalytic 
reactions generally occur on the surface of 62.0RT, advanced 
characterizations were applied to assess the photo-generated 
electron–hole separation/transportation on the surface. These 
include steady-state/transient-state SPV spectroscopy and 
in situ XPS. The normalized transient-state SPV spectra for 

Adv. Mater. 2023, 35, 2210164

Figure 4.  a) Normalized transient-state surface photovoltage spectra of 0.0RT and 62.0RT. b) Steady-state surface photovoltage spectra of 0.0RT and 
62.0RT. High-resolution XPS spectra of c) Ti 2p and d) O 1s for 0.0RT (TiO2) with light, respectively, on and off. High-resolution XPS spectra of e) Re 
4f, f) Se 3d, g) Ti 2p, and h) O 1s for 62.0RT with light, respectively, on and off. i) Differential charge density map at the interface of ReSe2/TiO2 system 
with extra one electron considering solvation effect in 17 vol.% triethanolamine aqueous solution.
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0.0RT and 62.0RT (Figure 4a) show that the transient SPV 
signal for 62.0RT decays significantly slower than that for 
0.0RT. This finding confirms that the charge carrier separa-
tion and transfer efficiency in 62.0RT is significantly boosted 
in comparison with that for 0.0RT. This is also supported by 
the reported reference.[58] The positive signal for SPV evidences 
that more photo-generated holes migrate to the surface com-
pared with photo-generated electrons. A small negative SPV 
signal is observed on 62.0RT at the time scale of ≈0.001–0.01 s, 
suggesting that more photo-induced electrons than holes are on 
the surface of 62.0RT at this time scale. Moreover, the steady-
state SPV intensity for 62.0RT is higher than that for 0.0RT 
(Figure  4b), suggesting that coupling of ReSe2 NSs and TiO2 
obviously boosts migration of more photo-generated holes to 
the surfaces of TiO2 and ReSe2 NSs in 62.0RT. Because steady-
state/transient-state SPV findings cannot disclose separation/
transfer of photo-generated electrons/holes on the surface 
of different components (TiO2 NPs or ReSe2 NSs) in 62.0RT,  
in situ XPS spectra were used to understand the dissociation/
transfer of photo-induced electrons/holes on the surface of TiO2 
NPs and ReSe2 NSs, respectively, in 62.0RT. High-resolution 
XPS spectra of Re 4f and Se 3d for ReSe2 NSs with/without light 
illumination are shown in Figure S28a,b (Supporting Informa-
tion), respectively. Both Re 4f and Se 3d peaks for ReSe2 NSs 
exhibit left movement to low binding energy direction following 
light illumination, indicating that more photogenerated elec-
trons than holes transfer to the surface of ReSe2 NSs after light 
excitation. Additionally, the high-resolution XPS spectra for Ti 2p  
(Figure  4c) and O 1s (Figure  4d) peaks for 0.0RT (TiO2) show 
right shift towards high binding energy direction with light 
illumination, in contrast to those without light illumination. 
These findings confirm that more photogenerated holes than 
electrons transfer to the surface of TiO2 NPs with light excita-
tion. Additionally, with light illumination all high-resolution 
XPS spectra of Re 4f, Se 3d, Ti 2p, and O 1s peaks for 62.0RT 
(Figure  4e–h), shift to the higher binding energy direction, in 
contrast to those without light irradiation. To seek the reason 
for this finding, the hetero-junction type for 62.0RT was con-
firmed. The MS plot for 0.0RT (Figure S29a, Supporting Infor-
mation) shows the EF potential of 0.0RT (−0.57 V vs Ag/AgCl), 
equivalent to 0.06  V vs SHE. Based on the XPS VB spectrum 
of 0.0RT (Figure S29b, Supporting Information), the VB poten-
tial for 0.0RT is 2.54  V versus SHE. Therefore, the CB poten-
tial for 0.0RT is −0.66  V versus SHE based on the bandgap 
for 0.0RT (E  = 3.20  eV; Figure S30, Supporting Information). 
Thus, there exists a type I hetero-junction between TiO2 NPs 
and ReSe2 NSs in 62.0RT (Figure S31, Supporting Information). 
With light excitation, the photo-generated electrons and holes 
would transfer from the CB and VB of TiO2 NPs to the CB and 
VB of ReSe2 NSs, respectively. However, the huge potential dif-
ference between VB edges of TiO2 NPs and ReSe2 NSs (1.76 V) 
would significantly boosts hole transport from bulk TiO2 NPs 
onto the surfaces of both TiO2 NPs and ReSe2 NSs. In contrast, 
the much lower potential difference (0.37  V) between the CB 
edges of TiO2 NPs and ReSe2 NSs cannot equally boost efficient 
transfer of photo-generated electrons from bulk TiO2 NPs to 
the surfaces of both TiO2 NPs and ReSe2 NSs. Therefore, more 
photo-generated holes than electrons accumulate on the surface 
of both TiO2 NPs and ReSe2 NSs, resulting in the shift of all 

XPS peaks to the higher binding energy direction (Figure 4e–h). 
This is in accordance with the SPV findings (Figures 4a,b). In 
addition, Figure S32a (Supporting Information) displays raised 
TPC density for 62.0RT over that for 0.0RT, thus confirming 
boosted photo-excited electron–hole separation/migration 
in 62.0RT. Furthermore, the charge dissociation/transport 
in ReSe2/TiO2 was explored using theoretical computation. 
Redistribution for photo-induced electron in ReSe2/TiO2 was 
simulated through adding one electron to ReSe2/TiO2 system. 
The differential charge density analysis (Figure  4i) shows that 
0.91│e│ transfers to ReSe2 whilst 0.09│e│ migrates to TiO2, 
confirming the stronger electron-accepting ability of ReSe2 
compared to that of TiO2 with light excitation. Therefore, photo-
induced electron would transfer from TiO2 to ReSe2 in 62.0RT, 
in accordance with the formation of type I heterojunction for 
ReSe2/TiO2 composite (Figure S31, Supporting Information).

The light harvesting ability of 62.0RT was investigated by 
UV–vis diffuse reflectance spectra of all samples (Figure S30, 
Supporting Information). Apparent absorption increases in 
the range of ≈400–800 nm is observed for ReSe2/TiO2 hybrids 
in comparison with bare TiO2 (Figure S30, Supporting Infor-
mation). This is because of strong light absorption by ReSe2 
NSs with small bandgap (E  = 1.07  eV). To confirm whether 
the increased absorption by ReSe2 NSs could result in boosted 
photocatalytic H2 evolution, a 740-nm light emitting diode 
(LED) was used to illuminate 62.0RT at the same reaction con-
ditions. However, negligible activity was observed (Figure S32b, 
Supporting Information). This result reveals that although 
obvious increases are observed at ≈400–800  nm for all the 
hybridized samples, these increases cause negligible contribu-
tion to boosted activities.

Nitrogen (N2) sorption isotherms of 0.0RT, 6.0RT, 50.0RT, 
62.0RT, and 83.0RT are demonstrated in Figure S33 (Sup-
porting Information). Compared with the N2 sorption isotherm 
for 0.0RT, N2 sorption isotherms for 6.0RT, 50.0RT, 62.0RT, 
and 83.0RT shift downward in the relative-pressure range 
of 0.05–0.9 and upward in the range of ≈0.9–1.0 (Figure S33, 
Supporting Information), confirming reduced numbers of 
small mesopores and increased numbers of large mesopores/
macropores, respectively. These are also reflected in the pore 
size distribution curves for all the samples (Figure S33 insets, 
Supporting Information). Since the Brunauer–Emmett–Teller 
(BET) surface area (SBET) is mainly contributed via existence of 
mesopores other than macropores, it is not surprising that SBET 
values for ReSe2/TiO2 composites are reduced gradually with 
increasing contents of ReSe2 NSs (Table S13, Supporting Infor-
mation). The specific photocatalytic H2 evolution activity based 
on SBET are displayed in Table S13 (Supporting Information). As 
shown in Table S13 (Supporting Information), with increasing 
contents of ReSe2, specific photocatalytic activity is raised from 
0.42 µmol h−1 m−2 (0.0RT) to 51.27 µmol h−1 m−2 (83.0RT). This 
is because that increasing ReSe2 NSs amounts result in raised 
numbers of atomic-level active sites for HER and reduced SBET 
values. These findings confirm that SBET value is not the major 
factor impacting activity of ReSe2/TiO2 composite. Electro-
chemical HER was tested for 0.0RT and 62.0RT. As shown in 
Figure S34a (Supporting Information), HER activity of 62.0RT 
is boosted compared with 0.0RT following coupling of ReSe2 
NSs and TiO2 NPs in alkaline solution. This evidences the 
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existence of numerous edge active sites on ReSe2 NSs to boost 
H2 evolution on 62.0RT. Additionally, theoretical computations 
were carried out to acquire ΔGH* on the sites of ReSe2 basal 
plane in ReSe2/TiO2 (Figure S34b,c, Supporting Information). 
All ReSe2 basal sites in ReSe2/TiO2 display reduced values for 
ΔGH* compared with basal sites in ReSe2 alone, attributed to 
the strong electronic coupling between ReSe2 and TiO2. In 
addition, Se4 site in ReSe2/TiO2 exhibits a significantly reduced 
│ΔGH*│ value of 0.12 eV (Table S15, Supporting Information) 
in contrast to Se4 in ReSe2 alone (Table S2, Supporting Infor-
mation). It is concluded therefore that ReSe2 basal plane Se4 
site in ReSe2/TiO2 serves as the highly-active HER site.

Based on the results from combined experiment and theo-
retical computation, we hypothesized a novel photocatalytic 
mechanism (Figure S35, Supporting Information). As shown in 
Figure S31 (Supporting Information), TiO2 NPs and ReSe2 NSs 
form a type I (straddling type) heterojunction, with CB and VB 
potential differences of 0.37 and 1.76  V, respectively. From the 
view of thermodynamics, the much greater VB potential differ-
ence (1.76  V) compared with CB potential difference (0.37  V) 
would boost much faster transport of photo-induced holes than 
electrons from the bulk/surface of TiO2 across the interface to 
the bulk/surface of ReSe2. Actually, with xenon light illumina-
tion, the photo-generated holes in the bulk of TiO2 NPs migrate 
to the surface, most of which are rapidly captured and scav-
enged by the sacrificial electron donor (triethanolamine); while 
a small number of photo-generated holes transfer to ReSe2 NSs 
(Figure S35, Supporting Information). The photo-induced elec-
trons in the CB of TiO2 NPs transfer to the CB of ReSe2 NSs, and 
reduce protons to evolve H2 gas at the atomic-level edge/basal 
plane active Re/Se sites and activated basal Se sites (Figure S35, 
Supporting Information). Because the photo-generated electrons 
and holes in ReSe2 cannot contribute to photocatalytic H2 evolu-
tion (Figure S32b, Supporting Information), the photo-excitation 
of ReSe2 is not shown in Figure S35 (Supporting Information).

2.5. ReSe2 NSs as Universal Platform

To confirm that atomic-level regulated ReSe2 NSs can function 
as a universal platform to boost photocatalytic H2 evolution 
on various semiconductor photocatalysts, a range of experi-
ments were conducted to confirm the generality of ReSe2 NSs. 
As shown in Figure  2a, photocatalytic H2 evolution of ReSe2/
CdS (12 927 µmol h−1 g−1), ReSe2/ZnIn2S4 (6199 µmol h−1 g−1), 
or ReSe2/C3N4 (675  µmol h−1 g−1) is significantly greater than 
that of CdS (317  µmol h−1 g−1), ZnIn2S4 (2024  µmol h−1 g−1), 
or C3N4 (1  µmol h−1 g−1). ReSe2/CdS (Figure 5a; Table S16, 
Supporting Information), ReSe2/ZnIn2S4 (Figure  5b; Table 
S17, Supporting Information), and ReSe2/C3N4 (Figure  5c; 
Table S18, Supporting Information) all rank among one of 
the most efficient CdS, ZnIn2S4 and C3N4-based photocata-
lysts, respectively, in the absence of any noble metal. There-
fore, the highly active ReSe2/CdS, ReSe2/ZnIn2S4 and ReSe2/
C3N4 were comprehensively characterized. The XRD patterns 
for ReSe2/CdS, ReSe2/ZnIn2S4, and ReSe2/C3N4 are given in 
Figure S36a–c (Supporting Information), respectively. The 
(001) peaks of triclinic ReSe2 (JCPDS #52-0828) are observed 
in Figure S36a–c (Supporting Information), confirming the 

coupling of ReSe2 NSs with CdS, ZnIn2S4, and C3N4, respec-
tively. Additionally, the TEM images (Figure S37a–c, Supporting 
Information), EDX spectra (Figure S37d–f, Supporting Infor-
mation), HRTEM images (Figure 5d–f) and corresponding FFT 
patterns (Figure S38a–c, Supporting Information) for ReSe2/
CdS, ReSe2/ZnIn2S4 and ReSe2/C3N4 also corroborate coupling 
of ReSe2 NSs with CdS NPs, ZnIn2S4 NSs, and C3N4, respec-
tively. The HAADF-STEM images and corresponding elemental 
mapping images for ReSe2/CdS (Figure S39a–e, Supporting 
Information), ReSe2/ZnIn2S4 (Figure S39f–k, Supporting Infor-
mation), and ReSe2/C3N4 (Figure S39i–p, Supporting Informa-
tion) further confirm the coupling between ReSe2 NSs and CdS 
NPs, ZnIn2S4 NSs, or C3N4. Surface-sensitive XPS technique 
was used to reveal the interfacial electronic coupling in ReSe2/
CdS, ReSe2/ZnIn2S4, and ReSe2/C3N4. The high-resolution 
XPS spectra for ReSe2/CdS (Figure S40a–d, Supporting Infor-
mation), ReSe2/ZnIn2S4 (Figure S40e–h, Supporting Informa-
tion), and ReSe2/C3N4 (Figure S40i–l, Supporting Information) 
exhibit evident peak shift, strongly evidencing electron extrac-
tion to ReSe2 from CdS, ZnIn2S4, or C3N4. Moreover, the UV–vis 
diffuse reflectance spectra for ReSe2/CdS (Figure S41a, Sup-
porting Information), ReSe2/ZnIn2S4 (Figure S41b, Supporting 
Information), and ReSe2/C3N4 (Figure S41c, Supporting Infor-
mation) demonstrate the increase on light absorption up to 
800 nm, attributed to integration of ReSe2 with a narrow band 
gap (E = 1.07 eV). To confirm whether this increased absorption 
can boost activity, a 740-nm LED, instead of xenon light, was 
used to excite ReSe2 only. Negligible efficiency is observed for 
ReSe2/CdS, ReSe2/ZnIn2S4, or ReSe2/C3N4 in the same reaction 
conditions (Figure S41d–f, Supporting Information), indicating 
that no efficiency boost is induced by light absorption of ReSe2 
in these composites. The charge dissociation/transfer in these 
composites was assessed. All steady-state PL (Figure S42a–c, 
Supporting Information), TSPL (Figure 5g–i) and TPC density 
measurement (Figure S42d–f, Supporting Information) suggest 
the more efficient photo-generated electron/hole dissociation/
transportation in ReSe2/CdS, ReSe2/ZnIn2S4 and ReSe2/C3N4, 
compared with bare CdS, ZnIn2S4 and C3N4, respectively. Addi-
tionally, HER activities for ReSe2/CdS, ReSe2/ZnIn2S4, and 
ReSe2/C3N4 are obviously raised, in contrast with those for bare 
CdS, ZnIn2S4, and C3N4, respectively (Figure 5j–l). These find-
ings confirm that the existence of ReSe2 NSs with numerous 
active sites obviously accelerate HER. HER stabilities for ReSe2/
CdS, ReSe2/ZnIn2S4 and ReSe2/C3N4 were tested, and findings 
(Figure S43a–c, Supporting Information) confirm stable HER 
for >20  h. This suggest the robust HER activities for ReSe2/
CdS, ReSe2/ZnIn2S4 and ReSe2/C3N4 in alkaline solution with 
reduction condition. A slightly reduced HER current density for 
ReSe2/C3N4 is observed in Figure S43c (Supporting Informa-
tion), attributed to the less stability of C3N4 compared to CdS 
or ZnIn2S4 in the 20 h HER. Therefore, we validate the univer-
sality of ReSe2 to boost the activities on different semiconductor 
photocatalysts, including CdS, ZnIn2S4, and C3N4.

3. Conclusion

Atomic-level and controllably engineered ReSe2 nanosheets 
(NSs) are used as the versatile platform to combine with 
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Figure 5.  photocatalytic H2 evolution for reported noble-metal-free a) CdS-based, b) ZnIn2S4-based, and c) C3N4-based photocatalysts compared with 
the corresponding ReSe2 based photocatalysts in our work, respectively. HRTEM images of d) ReSe2/CdS nanocomposite, e) ReSe2/ZnIn2S4 nanocom-
posite, and f) ReSe2/C3N4 nanocomposite. Transient-state PL spectra for g) CdS and ReSe2/CdS, h) ZnIn2S4 and ReSe2/ZnIn2S4, and i) C3N4 and ReSe2/
C3N4. Insets in (g–i) show the fitted and averaged charge carrier lifetimes. HER activities of j) CdS and ReSe2/CdS, k) ZnIn2S4, and ReSe2/ZnIn2S4 and 
l) C3N4 and ReSe2/C3N4 in 0.1 m KOH aqueous solution.
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different semiconductor photocatalysts, including TiO2, CdS, 
ZnIn2S4, and C3N4, to significantly boost photocatalytic H2 
evolution. Among them, the highest enhancement factor of 
≈9048% is achieved on TiO2 nanoparticles (NPs) loaded ReSe2 
NSs, with a photocatalytic H2 evolution rate of 2081  µmol h−1 
g−1. This ReSe2/TiO2 system is investigated by both theoretical 
calculations and state-of-art characterizations. Both theoretical 
calculations and experimental results support that the distinct 
electronic interaction between the TiO2 NPs and ReSe2 NSs 
boost the efficient separation/migration of photo-generated 
electrons/holes; while the abundant Re/Se active sites at the 
defected edge/basal plane and activated Se site in the basal 
plane of ReSe2 NSs greatly advance H2 evolution. This work not 
only demonstrates the atomic-level engineering of ReSe2 NSs 
as a universal platform to significantly raise photocatalytic H2 
evolution, but also pave avenues to the atomic-level design and 
synthesis of materials for energy applications.

4. Experimental Section
Experimental details can be found in the Supporting Information.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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