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A deeper understanding of the water-splitting hydrogen evolution reaction (HER) mechanism during
photocatalytic processes is crucial for the rational design of efficient photocatalysts. In particular, the
HER mechanism promoted by multielement hybrid structures remains extremely challenging and
elusive. Herein, an in situ photoelectrochemical/Raman measurement system is employed to monitor
the HER mechanism of hybrid nanostructures under realistic working conditions via operando Raman
spectra and linear-sweep voltammetry curves. As a proof of concept, tunable composition transition
metal dichalcogenides MoS2xSe2(1-x) nanosheets are used as a model photocatalyst to unveil the
corresponding photocatalytic mechanism. The spectroscopic studies reveal that hydrogen atoms can
be adsorbed to active sulfur and selenium atoms via intermediate species formed during the
photocatalytic process. More importantly, the studies demonstrate that an exponential relationship
exists between the number of reactive electrons and the Raman intensity of intermediate species, which
can serve as a guideline to directly evaluate the HER performance in photocatalysts by comparing the
Raman intensities of the intermediate species. As a simple, intuitive, and general analytical method, the
designed operando Raman measurement approach provides a new tool for elucidating catalytic
reaction mechanisms in a realistic and complex environment; and strategically improving H2 production
performance of multielement photocatalysts.

1. Introduction

The hydrogen evolution reaction (HER) via photocatalytic water splitting is a promising alternative to fossil fuel
production amidst the increasing energy demands.[1-5] As such, developing efficient photocatalytic water splitting
methods for high performance HER processes has been the subject of increased research efforts.[s-9] Hydrogen
evolution occurs via a two-step process involving adsorption of hydrogen atoms and desorption of a hydrogen
molecule.[10] During this transformation, intermediate species are formed and react on the surface of the
photocatalysts.[11] Thus, a thorough understanding of this surface process is needed to further the development of
these reactions.

Various approaches have been employed to illustrate the intricate photocatalytic water-splitting Hz2 production
reactions. For instance, density functional theory (DFT) calculations have been utilized in combination with a
crystalline structure, optical, and electronic structural features of the photocatalysts to elucidate the reaction
mechanisms.[12-16] Moreover, scanning transmission electron microscopy,[17] infrared spectroscopy,[is,19] and
nuclear magnetic resonance spectroscopy[20,21] have been used to probe photocatalytic transformations. Although
these techniques can simulate or detect interactions between adsorbed water molecules and photocatalysts, most
of them obtain their data in the departure reaction condition (not reaction condition). Moreover, many of these
techniques operate under ideal conditions (e.g., under ultrahigh vacuum). Recently, operando X-ray absorption
spectroscopy has been used to identify the active sites of photocatalysts and the reaction processes under real
conditions.[22] However, this technique is relatively complex and, therefore, not possible for all research needs.
Comparatively, the operando Raman technique is a useful method to analyze the structural transformation of
photocatalysts under real HER reaction condition.[23,24] Nevertheless, a few simple photocatalysts have been
studied via the Raman method, such as Pt and CoSez2; and the research is only involved in the relative primitive
photocatalytic reaction process.[23,24] The advance in the design of new heterostructures- and multielement-based
catalysts requires a deep study about the complex reaction processes they are involved in order to enhance
photocatalytic performance.[25-2g]

Herein, we employ a linear-sweep voltammetry (LSV)-operando Raman spectroscopy measurement system to 1)
reveal the photocatalytic HER intermediates of multielement photocatalysts under real reaction conditions. 2)
Furthermore, we establish an exponential function relationship between the quantity of reactive electrons (i.e.,
photocatalytic performance) and the Raman intensity of intermediate species, which can serve as a guideline to
evaluate the HER performance directly and strategically improve H2 production performance of multielement
photocatalysts. Considering the excellent photocatalytic performance of layered transition metal dichalcogenides,



we select the MoS2xSe2(1-x) nanosheets (x gradually decreases from 1 to 0) as the photocatalyst. As shown in
Figure 1, a three-electrode photoelectrochemical system has been used to carry out and monitor the catalytic H2
evolution reaction under light illumination. The LSV plots obtained from the photoelectrochemical system have
been used to record the catalytic reaction. Simultaneously, Raman measurements on the working electrode
containing the photocatalyst in the fluorine-doped tin oxide (FTO) glass were carried out to characterize the surface
reaction transformations of the samples. By combining operando Raman spectra and LSV plots, the photocatalytic
HER mechanism can be revealed in the Hz production process under real conditions.
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Figure 1. The schematic of the photoelectrochemical system with LSV-Raman analysis. The measured material is MoS2xSe2(1-x).
The reference electrode,counter electrode, and working electrode are termed as RE, CE, and WE, respectively.

2. Results and Discussion

In the current work, the vertical MoS2xSe2(1-x) nanosheets are prepared to expose more edge active atoms for
exploring the HER mechanism. Figure 2 displays the morphology of the MoS2xSe2(1-x) nanosheets from x =1 to x
=0 (i.e., M0S2, M0S1.4Seo.6, M0So0.9Se1.1, MoSo0.4Se1.6, and MoSez2, in which the atomic ratio is derived from energy-
dispersive X-ray spectroscopy [EDS], which is also agreeable with the X-ray photoelectron spectroscopy [XPS]
spectra; Figure S1, Supporting Information). All of the photocatalyst materials exhibit similar nanoflake
morphologies with the visible lines representing their standing edges. The EDS mapping of the ternary
MoS2xSe2(1-x) (where x is not 1 or 0) shows an increase in Se distribution as S distribution decreases. The XPS
spectra, related X-ray diffraction patterns, ultraviolet-visible absorption spectra, and Raman spectra have been
conducted to confirm and analyse the structure and optical properties of the MoS2xSe2(1-x) hanosheets (Figures
S1-S4, Supporting Information). Interestingly, the S-Se bonding is detected in the MoSo.4Se1.6 sample (Figure S1d,
Supporting Information), which indicates that the presence of a relatively high number of Se atoms in the structure
leads to interaction with the S atoms.
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Figure 2. The SEM images of MoS2xSe2(1x) (x decreases from 1 to 0) and the corresponding EDS mapping. The scale bar is 500
nm.

Figure 3a displays the LSV curve of the binary MoS2 sample under light illumination. To avoid the influence of the
bubble formation from the gas evolution reaction, we performed the LSV-operando Raman spectroscopy
measurements in the voltage window from 0.05 to -0.15 V. No current exists at 0.05 V, as there is no photo-
induced electron transport occurring at this voltage. Below 0.05 V, the appearance of photocurrent can be easily
observed. As the voltage increases in value, the current density also increases, exhibiting a current density of
approximately 0.33 mA cm-2 at —0.15 V for the MoS2 sample. The Raman spectra from five voltage points in the
LSV plots show two obvious peaks at 380 and 408 cm-1, which are assigned to E2g(mo-s) and A1g(Mo-s), respectively
(Figure 3b).[29] Interestingly, as the voltage varies from 0.05 to —0.15 V, a new peak at 2584 cm-1 appears, showing
higher intensity for the voltage at —0.15 V. The observed frequency, 2584 cm-1, matches well with the S-H
stretching vibration,[30] which strongly suggests that intermediate MoS2-H species are formed during the HER
process. It also indicates that the H atom is bonded to S atoms during the photocatalytic reaction. The intermediate
MoSz2-H species are also confirmed by DFT theory simulation about the hydrogen adsorption of MoS2 (Figure S5,
Supporting Information), which is agreeable with the experimental result.

The current density of the binary MoSe2 also increases along with variable voltages from 0.05 to -0.15 V (Figure
3c). At -0.15 V, the current density reaches approximately 0.49 mA cm-2, a value greater than that of MoS2. The
related operando Raman spectra of MoSe2 are displayed in Figure 3d. Two peaks at 257 (A1g(Mo-se)) and 287 cm-1
(E2g(Mo-se)) are observed.[31] In addition, a new peak at 2365 cm-1 with increased peak intensity appears as the
voltage varied from 0.05 to —0.15 V. Similar to the S-H vibration band in the case of MoS2, this Raman peak is
consistent with Se-H stretching vibrations,[32,33] indicating that the H atoms are adsorbed to the active Se atoms to



form intermediate MoSe2-H species here. The deduction is also verified by DFT simulation about the hydrogen
adsorption of MoSe2 (Figure S5, Supporting Information). Through this simple and intuitive operando Raman
technique, the catalytic reaction intermediate species can be identified.
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Figure 3. a) LSV curve of the sample MoSz, b) operando Raman spectra of the sample MoS:in the voltage of 0.05, 0.00, —0.05,
—0.10, and -0.15 V, c) LSV curve of the sample MoSez2, d) operando Raman spectra of the sample MoSez in the voltage of 0.05,
0.00,--0.05,-0.10, and —0.15 V, e) LSV curve of the sample MoSo.9Seu.1, f) operando Raman spectra of the sample MoSo.9Se1.1
in the voltage of 0.05, 0.00, —0.05, —0.10, and -0.15 V, and g) schematicof photocatalytic HER process in MoS2xSe2(11x).



The next step is to assess whether this operando measurement method would be suitable for complex,
multielement photocatalysts. For these studies, the ternary MoS2xSe2(1-x) materials (where x is not 1 or 0) are used
as the photocatalytic materials of choice. The LSV curves and the corresponding operando Raman spectra of the
ternary MoSo.9Se1.1 are displayed in Figure 3e,f. The LSV curves demonstrate that there is no current at 0.05 V
(versus Ag/AgCl), whereas the current density of MoSo.9Se1.1 reached approximately 0.21 mA cm-2 at 0.00 V.
Varying the voltage further to —0.15 V, a current density of 1.27 mA cm-2 is obtained. These results show that the
ternary MoSo.9Se1.1 sample exhibits higher current density than the binary MoS2 or MoSe2 samples, indicating that
the addition of an extra element (i.e., either Se or S) in the nanostructures can efficiently promote a photo-induced
electron response (the reason will be discussed later). The operando Raman measurements from the MoSo.9Se1.1
sample depict four apparent peaks at 360, 384, 259, and 298 cm-1, owing to the Raman vibration modes of SOMo
and SelIMo (Figure 3f).[34) In addition to these four characteristic Raman peaks, two Raman peaks [JH Raman
peak and SeJH Raman peak) of intermediate MoS2xSe2(1-x-H species are observed in the spectra. The Raman
peak intensities of the intermediate species increased together with varying voltage from 0.05 to —0.15 V. The LSV-
operando Raman spectra of the ternary MoS1.4Seo.6 and MoSo.4Se1.6 are also carried out and are shown in Figures
S6-S8, Supporting Information. Similarly, the SOH and Se[JH Raman stretching vibration peaks are also observed
in the intermediate MoS1.4Seo.6-H and MoSo.4Se1.6-H species. As such, this operando Raman measurement is
applicable for studying the HER intermediate species of the complicated, multielement photocatalytic systems.

Based on these experimental data, the HER mechanism of transition metal dichalcogenides MoS2xSe2(1-x) can be
discussed (Figure 3g). As for the binary photocatalysts, during the photocatalytic HER process, H atoms are initially
adsorbed to the active S atoms (or Se atoms) to form intermediate MoS2-H (or MoSez2-H) species based on S-H
bonding (or Se-H bonding) first in MoSz2 (or MoSe2); subsequently, the redox reaction occurs to produce hydrogen.
This experimental evidence illustrates that the active sites are S atoms or Se atoms in the MoS2 (or MoSe?2) rather
than Mo atoms. Regarding the complex, multielement photocatalysts, H atoms from water are initially adsorbed to
the active S atoms and Se atoms to form intermediate MoS2xSe2(1-x-H species at the MoS2xSe2(1-x) surface;
subsequently, hydrogen desorption occurs to realize H2 production. In other words, the catalytic HER process can
be understood through the reaction formulas below:

MoS;.Sey ) + H* + €™ — MoS,,5ey,,) — Hadc::rpn-m (1)

MoS;,Sey — Hagsorpion — M0S,Seq o + H, (2)

where H+ is the hydrogen ions, the MoS2xSe2(1-x) ~Hadsorption is the intermediate species and the e-is the electron,
which is equivalent to the current density in the LSV curve. Our finding is consistent with the theoretical prediction
in previous reports,[15,16,35] which further corroborates that probing the catalytic hydrogen evolution reaction
intermediates via operando Raman spectra is valid and sensible.

To further understand the relationship between the intermediate species and the Hz production performance in the
reaction, we plot the Raman intensity of the S-H and Se-H bands in the intermediate MoS2xSe2(1-x)-H species from
the MoS2xSe2(1-x) operando Raman spectra against the applied voltage (Figure 4a,b). (Note: the S-H and Se-H
intensities have been converted to intensities based on atomic moles and electrochemically active surface areas
[Figure S9, Supporting Information] for better comparison, see the Experimental Section). It demonstrates that the
trend of the S-H intensity and Se-H intensity among the MoS2xSe2(1-x) operando Raman spectra is consistent with
the photocatalytic performance (Figure S6, Supporting Information). Furthermore, we plot the relationship between
intermediate species Raman intensity and the photocatalytic performance using applied voltage as a linking bridge,
as shown in Figure 4c,d. After the curves have been projected to the current density—intensity plane, we observe
that the Raman intensity of intermediate species increases together with the increase of current density. Strictly,
the curves in the current density—intensity plane can be fitted. Take MoSo.9Se1.1 as an example. As shown in Figure
4e, the fitting formulas are below:

y=0.01747 LA 3)

p =0.02395 o017 .

where y is the current density, x is the intermediate species Raman intensity. The Equation (3) describes the
relationship between the S-H Raman intensity and the current density. Similarly, the Equation (4) describes the
relationship between the Se-H Raman intensity and the current density. We observe that the trend between the
current density and the Raman intensity of intermediate species in MoSo.9Sez1.1is close to the exponential function



type. The trend is also applicable to the other MoS2xSe2(1-x) catalysts, as shown in Figures S10-S13, Supporting

Information.
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Figure 4. a) S—H stretching vibration intensity from MoS2xSe2( x) operando Raman spectra, b) Se—H stretching vibration intensity
from MoS2xSe2(1-x) operando Raman spectra, c) relationship between current density and S—H stretching vibration intensity using
applied voltage as a linking bridge, d) relationship between current density and Se-H stretching vibration intensity using applied
voltage as a linking bridge, e) the relationship between current density and Raman intensity of intermediate species based on

experimental results in MoSo.eSe1.1, and f) the relationship between free energy and H coverage on single edge atom through
DFT calculation in MoSo.9Se1.1.

To further figure out the exponential function relationship, we carry out the DFT calculation to reveal internal causes.
The Raman intensity of intermediate species from abscissa in Figure 4e can be understood as intermediate species
guantity; and the intermediate species generally can be known as a group of hydrogen adsorption on the surface
of photocatalysts.[36] Based on the description of intermediate species, the H coverage is considered here, and the
H coverage is defined as the hydrogen adsorption number on the edge active atoms of MoS2xSe2(1-x). There are
16 atoms on a single edge, including 8 S atoms and 8 Se atoms in a supercell from the current theoretical model,



as shown in Figure S14, Supporting Information. The adsorption of one hydrogen atoms on a supercell is defined
to coverage of 1/16, and full coverage of 16/16 means that all atoms on the single edge are loaded by hydrogen
atoms. Considering that the free energy change of hydrogen adsorption can be used as an evaluation index to
catalytic performance,[37,3g] thus the free energy depending on the H coverage has been calculated (Figure 4f). It
is easily noticed that free energy increases exponentially versus H coverage, which is consistent with the above
fitting formulas.

Additionally, composition change does a great effect on intermediate species quantity, which is evidenced through
the Raman intensity in Figure 4a,b. The hydrogen adsorption process of the MoS2xSe2(1-x) photocatalysts with
different composition ratios have been further discussed with DFT calculation. As shown in Figure 5, the hydrogen
adsorption configurations in binary and ternary MoS2xSe2(1-x) photocatalysts are intuitively displayed. Comparing
to the binary photocatalysts (MoS2 and MoSe2 in Figure 5a,e), the hydrogen adsorption ability of the ternary
photocatalysts is boosted (Figure 5b—d). The sample MoSo.9Se1.1 possesses the optimal hydrogen adsorption
numbers and forms the most intermediate species among the ternary photocatalysts. In the sample MoSo.4Sez1s,
the formation of SOSe bonding weakens the hydrogen adsorption ability, leading to less intermediate species
production, which reduces Raman intensity of the intermediate species (Figure 4a,b).
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Figure 5. Hydrogen adsorption configuration of HER process in a) MoS2, b) MoS1.4Seo.s, ¢) MoSo.9eSe1.1, d) MoSo.4Se1s, and €)
MoSez, f) active sites ratios of all five samples, and g) the summary of the relationship among photocatalysts materials, hydrogen
adsorption process, intermediate species, photocatalytic performance, and Raman signals.

Based on the hydrogen adsorption process, the active sites/total sites ratio has been calculated in Figure 5f. The
MoS2xSe2(1-x) nanosheets are established with 16 atoms on each edge, and active catalytic sites are chosen



according to the free energy changes for hydrogen adsorption (see Figures S14 and S15, Supporting Information).
As for the binary photocatalysts, the catalytic active sites ratios of the samples MoS2 and MoSez2 are 18/64 and
27/64, respectively. The catalytic active sites ratio of the ternary photocatalysts is increased to 36/64 for the sample
MoS1.4Seo.6. The sample MoSo.9Se1.1 possesses the highest catalytic active sites ratio (45/64), while the catalytic
active sites ratio of the sample MoSo.4Se1.6 decreases to 33/64. Thus, the high catalytic active sites ratio of the
sample MoSo.9Sez1.1is ideal for forming abundant intermediate species, thus enhancing the photocatalytic activity,
which is also consistent with the DFT calculation results about free energy for hydrogen absorption in different
samples (Figure S5, Supporting Information).

In Figure 5g, we summarize the relationship among photocatalysts materials, hydrogen adsorption process,
intermediate species, photocatalytic performance, and Raman signals. First, the formation of intermediate species
is determined by the hydrogen adsorption ability in photocatalyst materials. The high active site ratio is optimal to
form more intermediate species. Furthermore, the Raman measurements can detect the Raman signals of
intermediate species to supplement the catalytic mechanism. Here, the detection of intermediate species
MoS2xSe2(1-x-H through Raman spectra have shone some light on the HER mechanism for the MoS2xSe2(1-x)
photocatalysts. Moreover, an exponential function relationship between the photocatalytic performance (i.e., the
guantity of reactive electrons) and the intermediate species evidenced by the operando Raman measurement was
revealed. This finding can serve as a guideline to evaluate photocatalytic performance and mechanism by
comparing the Raman intensity of intermediate species. For instance, in Figures 3 and 4, the sample MoSo.9Se1.1
shows the strongest Raman intensity of intermediate species, indicating the best photocatalytic performance
among MoS2xSe2(1-x) photocatalysts. More importantly, the relationship between the photocatalytic performance
and the Raman intensity of intermediate species can function as a guide for the rational design of multielement
photocatalysts. By comparing the Raman intensity of intermediate species, we can tune the elemental proportion
in the photocatalyst materials to realize better photocatalytic performance.

3. Conclusion

In summary, we have developed a remarkably simple, intuitive, and versatile method to probe the photocatalytic
HER intermediates of complicated and multielement photocatalysts under realistic reaction conditions using the
operando Raman technique. Based on LSV curves and Raman spectra analysis during the HER process, we have
demonstrated that hydrogen atoms are initially adsorbed to the active S atoms or Se atoms by chemical bonding
SOH and Se(H to form intermediate species in MoS2xSe2(1-x), followed by the subsequent redox reaction. In
addition, we have established that an exponential function relationship exists between the quantity of reactive
electrons and the Raman intensity of intermediate species, which can be used as a guideline to evaluate the H2
production performance of the photocatalysts. The designed operando Raman spectroscopy can also be extended
to other photocatalytic reactions where Raman-active intermediate species are formed. Moreover, it provides a
new approach to understand the surface science and reaction mechanisms of HER photocatalysts in a real and
complex environment and hence, to strategically improve their H2 production performance.

4. Experimental Section

Preparation of the Photocatalysts—Ternary MoS2xSez(1-x) Nanosheets: For the synthesis of the vertical MoS2xSe2(1-x) (where x is
not equal to 0 or 1) nanosheets, a porcelain boat loaded with 0.5 g MoOs powder was placed into the high heating temperature
zone of a slender quartz tube. Two additional boats loaded with sulfur and selenium powders were placed at the upstream low-
temperature zone. FTO substrates were placed downstream next to the porcelain boat with the MoOs powder. Before heating,
an Ar gas flow was introduced into the system at a rate of 100 s.c.c.m. for 20 min. The high heating temperature zone in the
furnace was then heated to 800 (IC for 40 min, and the low-temperature zone was simultaneously heated to between 250 and
350 C. After heating both zones for 40 min, these temperatures were maintained for 10 min, during which time Ar gas was
allowed to flow at a rate of 100 s.c.c.m. to transport sulfur and selenium to the substrate. After the growth of the materials, the
system was naturally cooled to room temperature, yielding the ternary nanosheets. The MoS2xSe2(1-x) nanosheets with different
compositions were deposited onto the surface of substrates through tuning different SOSe content ratios in precursors
(MoSz1.4Seos: precursor S[JSe content ratio 5:2, MoSo.9Sex1.1: precursor S[JSe content ratio 1:1, and MoSo.4Sez.6: precursor SCSe
content ratio 1:4) and heating temperatures in the low-temperature zone (MoS1.4Seo.s for 250 JC, MoSo.9Sez1.1 for 300 OC, and
MoSo.4Se1.s for 350 [IC).

Preparation of the Photocatalysts—MoS2 Nanosheets and MoSe2 Nanosheets: The preparation procedures of the MoS2 and
MoSe2 nanosheets were similar to those of the ternary MoS2xSe2(1-x) nanosheets. For the MoS2 nanosheets, only sulfur powder
was placed at the lowtemperature zone, and the heating temperature in the low-temperature region was kept at approximately
220 [C. For the MoSez nanosheets, only selenium powder was placed at the low-temperature zone, and the heating temperature
in the low-temperature region was around 380 C.

Characterization of the Photocatalysts: The morphology of the samples was characterized using SEM (FEI NOVASEM). The
absorption properties were measured using an UV-vis spectrophotometer (PerkinElmer Lambda 35 UV-vis). The Raman spectra
were measured using a Raman spectrometer (Renishaw inVia) with a 532 nm laser. The XRD patterns were collected via an
Empyrean PA Analytical XRD system using Cu Ka radiation as the reference X-ray illumination at 0.154 nm. XPS spectra were



collected on a Kratos Axis supra XPS spectrometer. The electrochemically active surface area to each sample was obtained from
electrochemical capacitance measurement. The potential was swept from 0.12 to 0.22 V and back to 0.12 V with four different
scan rates (10, 20, 30, and 40 mV s-1).
Operando Raman Spectra and Photoelectrochemical Measurements: The photoelectrochemical measurements were carried out
by a three-electrode reactor, using the nanostructured materials as the working electrode, a Pt plate as the counter electrode,
and Ag/AgCI (internal electrolyte: saturated KCI solution) as the reference electrode. A 0.5 m Na2SOa4 solution was used as the
electrolyte for the photoelectrochemical studies. The LSV curves were collected through an electrochemical workstation,
Chenhua 760, with a bias voltage set from 0.10 to —0.20 V. The scan rate was 0.002 V s-1. Then, the obtained currents were
normalized based on the electrochemically active surface area to each sample. The photocatalysts were illuminated by the light
source at AM 1.5G illumination (100 mW cm-2). For reducing the interference of UV light for simultaneous Raman measurement,
a UV-cut filter was applied. During the photoelectrochemical measurements, the Raman spectra from all of the photocatalysts
were collected at the same interval voltage to eliminate the extra influence induced through bias voltage (the measurement
voltage was 0.05, 0.00, —-0.05, -0.10, and -0.15 V) under the laser irradiation with same light intensity (5 mW). The laser
wavelength was 532 nm, and the exposure time was 5 s. For each sample, five Raman spectra at random positions on the
substrate were collected and then averaged them. The Raman intensities of the intermediate species have been converted to
the normalized intensities based on atomic moles and electrochemically active surface areas, which could impact the Raman
signals. Specifically, the molar quantity of photocatalysts was calculated through the photocatalysts mass; and the molar quantity
of S atom and Se atom were calculated based on the atomic ratio and photocatalyst molar quantity. Then, the modified intensity
of intermediate species could be obtained via combining measured Raman intensity and atomic molar quantity. After that, the
obtained Raman intensity was further normalized based on the electrochemically active surface area to each sample. The
transferred intensity could be used to simply indicate the amount of the intermediate species.
Theoretical Calculation: DFT with the plane-wave-pseudopotential method[3e,40; was performed. The Vienna Ab-initio Simulation
Package code[s1)on the basis of the generalized gradient approximation of the Perdew—Burke—Ernzerhofis2) formula was adopted
for all calculations. An energy cut-off of 450 eV was used. The convergence threshold for the residual force was set to 0.01 eV
A-1, while the convergence tolerance of energy during structure relaxation was 10-5 V. Besides, the Brillouin zone was sampled
by the Monkhorst—Pack methodus] with a separation of about 0.03 A-1. The vacuum space of 20 A was used to separate
neighboring slabs in the z-direction. A 15 A of vacuum was considered in the y-direction so that each layer was isolated. The
differential hydrogen adsorption energy AEH could be described by the following equation:ja4

Ay =Enpt —Eap —3En,

©)

where Enn-is the total energy for the catalyst system with n hydrogen atoms, En-1)H-is the total energy for (n—1) hydrogen atoms
adsorbed on the catalyst. E+.is the energy of the hydrogen molecule in the gas phase. From the differential hydrogen adsorption
energy, the free energy (AG ) Ho-for hydrogen adsorption could be calculated by Equation (6):

AGE. = AEy, + AE; 5 —TAS,,

(6)

where AEzee is the difference in zero-point energy of hydrogen between the adsorbed state and the gas phase, and ASHis the
entropy difference between the adsorbed hydrogen and the hydrogen gas. The nanosheets were established like nano-rectangle
with 16 atoms on each edge, as shown in Figures S14 and S15, Supporting Information. Regarding the active sites/total sites
ratio calculation, the active sites/ total sites ratio was obtained on the basis of free energy change for the adsorption of hydrogen
on the edges of transition metal Dichalcogenides MoS2xSe2(1-x) nanosheets.
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