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Supplementary Methods 

DFT analysis 

Computational setup: Density functional theory (DFT) calculations were carried out using the freely 

available program package CP2K/Quickstep1. For InSe, the 5s, 5p electrons of the In atom and the 4s, 4p 

electrons of the Se atom were treated as valence electrons. For MoS2, the 4d, 5s electrons of the Mo atom 

and the 3s, 3p electrons of the S atom were treated as valence electrons. In addition, the 2s, 2p electrons 

of the C atom and the O atom were treated as valence electrons. The basis sets for the valence electrons 

consist of short-ranged (less diffuse) double-ζ basis function with one set of polarization functions (DZVP)2. 

The plane wave cutoff energy for the electron density is 400 Ry. The core electrons were represented by 
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analytic Goedecker-Teter-Hutter (GTH) pseudopotentials3. All the simulations only used the Γ point of the 

supercell for expansion of the orbitals considering the large size of the cell. The gradient-corrected Perdew-

Burke-Ernzerhof (GGA-PBE) functional4 was used in electronic structure calculations. We included van 

der Waals interaction through the using of Grimme’s dispersion correction (DFT-D3)5. 

 

Model setup: In order to study the InSe/graphene (InSe/Gr) heterostructure, we constructed a 

commensurate cell by taking 15×15×1 graphene (450 atoms) and 9×9×1 InSe (324 atoms) supercell. The 

lattice constant mismatch is 1.06%. At the same time, 12×12×1 graphene monolayer (288 atoms) is 

matched to 9×9×1 MoS2 monolayer (243 atoms), which includes the 3.4% lattice mismatch. In fact, such 

a negligible effect of the small lattice mismatch on the electronic structure has been well demonstrated 

and reported in the calculations for the similar graphene-based hybrid systems6,7. The slab was separated 

with its images by a vacuum region of 25 Å to avoid the interaction between nearest slabs. The periodic 

boundary conditions (PBC) were applied for the XY directions with the periodicity in the Z direction removed 

to eliminate the possible dipole interactions between the slabs with its images. 

 

We first optimized the unit cell parameters based on the bulk structure, in which all atoms are relaxed. 

Supplementary Table 1 lists the primary cell parameters of the three structures involved in the calculation. 

The optimized planar lattice constant of monolayer InSe is 4.06 Å from the PBE functional, which agrees 

with previous experimental8 and theoretical results9. 

 

Supplementary Table 1. InSe, Graphene and MoS2 lattice constant. 

System -InSe Graphene 2H-MoS2 

Structure rhombohedral hexagonal hexagonal 

Semiconductor n-type NO n-type 

Lattice constant a= b= 4.00 Å,  

c= 25.32 Å, 

α= β= 90°, γ= 120° 

a= b= 2.464 Å,  

c= 6.711 Å, 

α= β= 90°, γ= 120° 

a= b= 3.161 Å,  

c= 12.295 Å, 

α= β= 90°, γ= 120° 

 

In order to build a stable system and make the simulation structure consistent with the experimental 

structure. Firstly, we calculated the exfoliation energy of monolayer InSe and compared it with the literature 

results. The n-layer InSe exfoliation energy per unit area Eexf(n) can be calculated by Supplementary 

Equation 110:  
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Eexf(n) = 
Eiso(n) -  n

m
Ebulk

A
                         （Supplementary Equation 1） 

Where Eiso(n) is the energy of the unit cell of an isolated n-layer slab in vacuum, Ebulk is the energy of a 

bulk material with m layers, and A is the in-plane area of the bulk unit cell. Using the corresponding values 

as shown in Supplementary Table 2, the exfoliation energy of InSe we calculated is 14.5 meV A-2, which is 

agree with the reported binding energy of 14.9 meV A-2 for monolayer InSe11 and proved InSe is easy to 

exfoliate. 

 

Supplementary Table 2. Exfoliation energy of monolayer InSe. 

System Eiso (eV) Ebulk (eV) A (Å2) n m Eexf (meV A-2) 

InSe -14.797 -45.109 16.456 1 3 14.5 

 

Secondly, one of the reasons we use graphene is that the surface of graphene easily adsorbs hydroxide 

ions. We calculated the adsorption energy (Ead) of hydroxide ions on the surface of InSe/Gr by the following 

formula： 

Ead  =  E(OH
a
) -  E(OH

f
)                           (Supplementary Equation 2) 

Where the indices a and f stand for adsorbed hydroxide ions and desorbed hydroxide ions, respectively. 

The adsorption energy of hydroxide ions on InSe/Gr is -0.74 eV. 

 

Thirdly, we extract the Interlayer distance (dInSe/Gr) between monolayer InSe and graphene from the lowest 

point of the distance dependence of binding energy curves as shown in Supplementary Fig. 2. The lowest 

point of energy is the most stable state, which value can be calculated according to the following formula: 

 Eb = EInSe/Gr - (EInSe + EGr)                           (Supplementary Equation 3)  

Where Eb is the binding energy of monolayer InSe and graphene. EInSe/Gr, EInSe and EGr represents the 

energy of InSe/Gr heterostructure, InSe and graphene, respectively. We used the same method to obtain 

interlayer distance of monolayer MoS2 and graphene. The values are 3.44 Å for dInSe/Gr and 3.36 Å for 

dMoS2/Gr, respectively, in good agreement with the values of 3.3-3.4 Å reported from both theoretical 

calculation and cross-section characterization of typical graphene and transition metal dichalcogenide 

(TMDC) interlayer distance12-14.  

 



4 

 

Band alignment of InSe/Gr and MoS2/Gr: In order to obtain the energy band alignment of the 

heterostructure, we calculated the band structure based on the constructed heterostructures, as shown in 

Supplementary Table 3 and Supplementary Fig. 3. We consider the band alignment taking the electron 

affinities and work functions into account, but neglecting the possible presence of defects and/or impurities 

at the interface. The work function of the heterostructure is obtained by the following formula: 

ϕ = Evac - EFermi                          (Supplementary Equation 4) 

where  Evac represents the energy of the vacuum level, EFermi represents the energy of the Fermi level 

and 𝜙  represents the work function. The band structure data of InSe/Gr and MoS2/Gr are listed in 

Supplementary Table 3. 

 

Supplementary Table 3. Band structures of InSe/Gr and MoS2/Gr.  

System Evac (eV) EFermi (eV)  (eV) 

InSe/Gr heterostructure 0.06 -4.57 4.63 

MoS2/Gr heterostructure 0.08 -4.60 4.68 

 

To compare the difference in hole transport between two heterostructures, we use the partial density of 

states (PDOS) to analyze the relative band alignment of InSe/Gr and MoS2/Gr. When referring the energy 

levels to the Fermi levels of graphene, the energy position of the valence band maximum (VBM) of MoS2 

is higher than that of InSe (ΔVB
'

 = EVBM 
MoS2- EVBM

InSe
 = 0.29 eV) as shown in Supplementary Fig. 3. Thus, the 

lower energy of InSe valence band facilitates the migration of photo-generated holes from InSe to the 

graphene surface15. We suspect that the difference of the VBM energy position will affect the total energy 

change before and after the hydroxide ions and holes reaction. 

 

Total energy change before and after the reaction of hydroxide ions and holes: In order to 

quantitatively study the above suspension, we calculated the energy change (ΔE) of the reaction between 

hydroxide ions and holes according to the following formula16： 

OH
-
 + h

+
→ OH*                         (Supplementary Equation 5) 

Where the reactants of hydroxide ions (OH-) come from the electrolyte, and the holes (h+) come from 

semiconducting InSe or MoS2 and then transfer to the surface of graphene. The product OH* stand for the 

adsorbed hydroxide ions on the surface of InSe/Gr or MoS2/Gr. For the reactants, we first added a OH- to 
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the system (the distance of OH- from the graphene surface is approximately 2 Å), the initial structure of 

hydroxide ions near the InSe/Gr and MoS2/Gr anode as shown in Supplementary Fig. 4. Then the atoms 

were relaxed to optimize. Based on this structure, a h+ was introduced into the system and optimized again 

to obtain the final stable structure. For the products, we introduced a OH* and optimized it to obtain the 

final stable structure as shown in Fig. 1c. 

 

The ΔE before and after the reaction is the energy difference of the products (OH*) and the reactants (OH-

and h+). The ΔE was calculated by Supplementary Equation 6 and the results are shown in Supplementary 

Table 4. The lower value of ΔEInSe compare to that of ΔEMoS2 indicates the reaction on InSe/Gr is easier to 

conduct. 

ΔE = Eproducts - Ereactants                          (Supplementary Equation 6) 

 

Supplementary Table 4. Total energy change (ΔE) on InSe/Gr and MoS2/Gr before and after the reaction. 

ΔEMoS2, ΔEInSe and ΔEMoS2 - ΔEInSe represent the ΔE on MoS2/Gr anode, InSe/Gr anode and their difference, 

respectively.  

System ΔE (eV) ΔEMoS2 - ΔEInSe
 (eV) 

InSe/Gr heterostructure 0.462 0.117 

MoS2/Gr heterostructure 0.579  

 

EIS  

The analysis of electrochemical impedance spectroscopy (EIS) is based on the equivalent circuits 

presented in the inset of Fig. 2b, where the symbol Rs, represents the solution resistance, R and Rct 

represent the resistances at the interface between Ti/photoanode and the photoanode/electrolyte, 

respectively. Cdl is the electrical double-layer capacitance of photoanode/electrolyte interface and CPE 

(Constant Phase Element) is the constant phase element standing for Ti/photoanode. Dimensionless 

constant n in the CPE defines the interfacial structures varying from resistor-like (n~0) to capacitor-like 

(n~1). From the EIS data of InSe/Gr, we found two clearly semi-circles, the diameter of which can represent 

the well-defined photoanode/electrolyte electric double layer (EDL) interfacial capacitance (Cdl) and the 

capacitor-like structure capacitance by Ti/photoanode (CPE). To make it simple, we use the same 

equivalent electrical circuit with the same meaning to describe the interfacial process. From the fitting 



6 

 

results, n (MoS2/Gr) is almost 0, which means only the EDL significantly affects the interfacial capacitance 

(Cdl).  

Supplementary Table 5. Area-normalized capacitances of the EDL.  

CA Light off (F cm-2) Light on (F cm-2) 

InSe/Gr heterostructure 0.06  0.14  

MoS2/Gr heterostructure 0.0018  0.0017  

 

From Fig. 2b, we can also estimate the value of interface capacitance (CA) of the electrical double layer 

(EDL) from the diameter of the semi-circles and the results shown in Supplementary Table 5. According 

to the equation: CA = ε0εr/d1, where ε0 is the dielectric constant in vacuum, εr is the relative dielectric 

constant of the electrolyte, d1 is the charge separation distance (m). ε0 and εr are constant in our system, 

so the bigger capacitance may correspond to a shorter d1. In previous reports, it has been seen that 

attractive interactions between ions and graphene that narrow the double layer, decreasing the bias 

voltage necessary to drive charge separation and enhancing the EDL capacitance17. In our system, under 

illumination, the capacitance at the interface of InSe/Gr and solution is ~ 2.3 times higher than that when 

illumination off shown in Supplementary Table 5.  It may because the amount of OH- adsorbed on 

graphene surface increased due to more photo-generated holes, thus the thickness of the electrical double 

layer decrease. While for MoS2/Gr, CA did not change much when illumination on or off, and the value is 

almost two orders of magnitude smaller than the one of InSe/Gr. This indicates that it is hard for the surface 

of MoS2/Gr to adsorb OH-. 

 

Photothermal effects 

Note photothermal effects have been reported to have profound influence to photocurrent response, in 

order to study their influence, we calculated and compared the temperature of the monolayer and bulk 

InSe/Gr heterostructures by detecting Raman spectra of the top graphene, since the G peak frequency of 

graphene in sensitive to the temperature18,19. 

 

Raman spectra were recorded on a laser micro-Raman spectrometer (Renishaw inVia). All spectra were 

excited with visible (532 nm) laser light and a 50x long working distance air objective (laser spot size ~ 2 

μm). A cold-hot cell operated using a liquid nitrogen source was used to control the temperature in the 
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Raman experiments with 10 °C min -1 of heating/freezing rates. The accuracy and stability of this system 

is 0.1 °C. Prior to measurements, samples should be balanced for at least 30 min after each temperature 

of interest was reached. 

 

At first, the dependence of the G peak frequency of graphene on the temperature (Supplementary Fig. 

10b) was plotted with linear fit as the work curve (Supplementary Fig. 10a). To detect the real temperature 

of the InSe/Gr heterostructure during the illumination on or off, the samples were illuminating at room 

temperature and the Raman shifts were recorded at fixed time intervals. The illumination source was a 

300 W Xe arc lamp (Newport, 6255) with a power density of about 100 mW cm-2 and an AM 1.5 G filter 

was used to obtain simulated sunlight, consistent with our PEC measurements. These Raman curves were 

then compared with the work curve in Supplementary Fig. 10a to calculate the temperature on the 

heterostructure surface. 

 

The dependence of the temperature on the illumination time is shown in Supplementary Fig. 10c – 10f. 

The results indicate that the temperature of monolayer InSe/Gr surface increased from 24 to almost 90 °C 

when the surface was illuminated from 0 to 20 min, and then kept constant until the light off. And the 

temperature slowly dropped to room temperature, taking about 40 min after light off. We used the same 

method to calculate the temperature for the bulk InSe/Gr. The curve shows a similar temperature variation 

trend. The results suggest that photothermal effect is not the dominating factor for the different behaviors 

with various InSe thicknesses (Fig. 3) and for the slow current response in monolayer InSe/Gr photoanodes. 
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Supplementary Figure 1. Atomic force microscope (AFM) characterization and optical image of a 

representative monolayer InSe/Gr heterostructure. The blue and white contours indicate the position of 

monolayer graphene and monolayer InSe, respectively. The scale bar is 20 μm. 
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Supplementary Figure 2. Interlayer distance of InSe/Gr and MoS2/Gr heterostructure. Binding energy of 

InSe/Gr and MoS2/Gr heterostructure as a function of the interlayer spacing between graphene and the 

topmost atom of InSe or MoS2: a For InSe/Gr system; b For MoS2/Gr system. All the atomic positions of 

InSe/Gr systems were fully relaxed during structural optimization.  
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Supplementary Figure 3. Partial density of states (PDOS) of InSe/Gr and MoS2/Gr heterostructures. a 

PDOS of InSe/Gr. Black, blue lines represent graphene and InSe, respectively. b PDOS of d orbitals of In 

atoms (purple) and p orbitals of Se atoms (green). c PDOS of MoS2/Gr. Black, red lines represent graphene 

and MoS2, respectively. d PDOS of d orbitals of Mo atoms (orange) and p orbitals of S atoms (gray). All 

the energy levels are referenced to the fermi energy of graphene.  
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Supplementary Figure 4. Initial structure of hydroxide ions near the InSe/Gr and MoS2/Gr anode. a For 

InSe/Gr system; b For MoS2/Gr system. Left, top view. Right, side view. Red, white, gray, purple, green, 

cyan, yellow balls represent oxygen, hydrogen, carbon, indium, selenium, molybdenum and sulfur atoms, 

respectively. 

 

 

Supplementary Figure 5. LSV curves of InSe/Gr anode. The original linear-scale curves of the one in Fig. 

1d: Linear sweep voltammetry of a representative monolayer InSe/Gr device measured at different 

illumination time. 
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Supplementary Figure 6. Optical images and PEC measurements of Ti electrode and graphene/Ti 

electrode. a Optical image of Ti electrode, the scale bar is 50 μm. b Photo current density of Ti electrode 

as a function of time when light on or off. Jmax is about 0.0025 mA cm-2. c Optical image of graphene/Ti 

electrode, the blue contours indicate the area of monolayer graphene. The scale bar is 20 μm. d Photo 

current density of graphene/Ti electrode as a function of time when light on or off. Jmax is about 0.024 mA 

cm-2. 
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Supplementary Figure 7. Stability of InSe/Gr anode. Optical image of monolayer InSe/Gr 

heterostructures: a Before test; b After test. The blue and red contours indicate the position of monolayer 

graphene and monolayer InSe, respectively. The scale bars are 20 μm. After test, there is no discernable 

damage on both InSe and graphene. c Photo current density of freshly assembled and one-month 

atmosphere-aged monolayer InSe/Gr anode as a function of time when light on or off. The fresh anode 

shows the Jmax is about 8.8 mA cm-2. After 1 month leaving in air, the anode shows the Jmax is about 8.4 

mA cm-2, little variation (< 5%) of their original value. Note the good sticking property between Ti and quartz 

also promotes the good stability of the photoanode20. 
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Supplementary Figure 8. MoS2/Gr anode for PEC measurements. a Linear sweep voltammetry of a 

representative monolayer MoS2/Gr device measured when light on or off. b Photo current density of PEC 

cell as a function of time when light on or off. Under light illumination, the linear sweep voltammetry (LSV) 

shows a hydroxide ion oxidation onset potential of ~ 380 mV. The measured photo current density J is ~ 

0.2 mA cm-2. 

 

 

Supplementary Figure 9. Current density of monolayer InSe/Gr anode as a function of NaOH 

concentration. 
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Supplementary Figure 10. Photothermal effect for 1L InSe/Gr and bulk InSe/Gr. a Temperature 

dependence of the G peak frequency for the single layer graphene. The inset shows the shape of G peak. 

The measured data were used to extract the temperature coefficient for G peak. b Raman spectra of the 

single layer graphene with different temperature. c, e The dependence of G peak frequency (red) and 

temperature (blue) on the illumination time for graphene on single layer InSe (c) and bulk InSe (e), 

respectively. d, f Raman spectra of graphene on single layer InSe (d) and bulk InSe (f) with various 

illumination time, respectively. 
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Supplementary Figure 11. Photocurrent density of InSe/Gr photoanode on different substrates as a 

function of time when light on or off. a Single crystalline graphite substrate, b Polycrystalline Au substrate, 

c Polycrystalline Cu substrate. J-t curves are measured at potential 1.23 V vs. RHE and in 0.2 M NaOH 

solutions. 

 

 

Supplementary Figure 12. Schematic diagram of InSe/Gr anode fabrication process.  
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