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1. Experimental 

Materials  

Germanium (Ge) (99.9999 %) and selenium (Se) (99.999 %) were purchased from Strem Chemicals Inc. 

USA. Sulfuric acid (99.999%), KOH (≥ 85% purity, ACS reagent, pellets), KCl (ACS reagent, ≥ 99.0%) 

were purchased from Sigma Aldrich. 

 

Theoretical calculations 

Electronic structure calculations were performed using density functional theory (DFT) with generalized 

gradient approximation (GGA, PBE96 parametrization scheme)
1
 and hybrid functionals (HSE06)

2
, as 

implemented in MedeA-VASP software package,
3
 for bulk and 1-, 2-, 4- and 6-layer (denoted as B and 1L, 

2L,..,6L) GeSe by inserting ~20 Å-thick vacuum region between the respective slabs. Dispersion interactions 

within the simple VdW+D3-zero damping approximation
4
 were considered in combination with GGA-

PBE96 functional. The basis set was extended up to the cut-off energy 400 eV to increase the accuracy (a 

300 eV cut-off was considered to calculate the non-local exchange interaction within HSE06). The k-point 

mesh was constructed inside the first Brillouin zone with k-point spacing smaller than 0.2 Å
-1

. A tetrahedron 

integration scheme was applied for electron density of states calculation. 

Synthesis and exfoliation of GeSe crystals 

GeSe crystals were produced through direct synthesis (Bridgman-Stockbarger method) from powders of Ge 

and Se elements.
5
 More in detail, an amount of Ge granules and Se powder (15 g) with an elemental 

stoichiometry of 1:1 were loaded in a quartz glass ampoule (25 mm × 150 mm), which was subsequently 

evacuated (pressure <5 × 10
-3

 Pa) using a diffusion pump. The evacuated ampoule was then sealed using an 

oxygen-hydrogen torch and then heated at 800 °C (i.e., above melting point of GeSe) for 1 h (heating rate = 



5 °C min
-1

). The samples were then cooled down to room temperature (cooling rate = 0.3 °C min
-1

), 

producing the GeSe crystal. The GeSe nanoflakes were produced by liquid-phase exfoliation (LPE)
6,7,8

 in 

anhydrous 2-propanol (IPA) of the pulverized GeSe crystal, followed by sedimentation based separation 

(SBS)
7,9,10

 to remove unexfoliated material. Experimentally, 50 mg of bulk crystals were added to 50 mL of 

anhydrous IPA and ultrasonicated in a bath sonicator (Branson® 5800 cleaner, Branson Ultrasonics) for 15 h. 

The resulting dispersions were ultracentrifuged at 700 g (Optima™ XE-90 with a SW32Ti rotor, Beckman 

Coulter) for 20 min at 15 °C in order to separate un-exfoliated bulk crystals (collected as sediment) from the 

exfoliated materials that remained in the supernatant. Then, the 80% of the supernatant was collected by 

pipetting, getting an exfoliated material dispersion.  

Materials characterization  

Scanning electron microscopy (SEM) analysis of the as-synthetized crystal was performed using a Tescan 

Lyra microscope at 15kV and 0.5 nA. The samples were imaged without any metal coating or pre-treatment. 

The EDS spectra were acquired with a microscope combined with an X-Max detector and INCA
®
 system 

(Oxford Instruments), operating at 15kV and 0.8 nA. The samples were imaged without any metal coating or 

pre-treatment. 

X-ray diffraction (XRD) measurements were acquired with a PANalytical Empyrean using Cu Kα radiation. 

The samples for XRD were prepared by depositing powder of GeSe crystal onto Si/SiO2 substrates. 

Transmission electron spectroscopy (TEM) images were acquired with a JEM 1011 (JEOL) TEM 

(thermionic W filament), operating at 100 kV. The morphological and statistical analyses were performed by 

using ImageJ software (NIH) and OriginPro 9.1 software (OriginLab), respectively. The samples for the 

TEM measurements were prepared by drop casting the as-prepared exfoliated material dispersions onto 

ultrathin C-on-holey C-coated Cu grids and rinsed with deionized water and subsequently dried overnight 

under vacuum. Selected Area Electron Diffraction (SAED) pattern was acquired with a JEM-1400Plus 

(JEOL) operating at 120kV equipped with LaB6 thermoionic source and with a CCD camera Orius 830 

(Gatan). SAED pattern processing (azimuthal integration, background subtraction) was done using the 

PASAD plugin for Digital Micrograph. 

The atomic force microscopy (AFM) images were acquired with a XE-100 AFM (Park System, Korea) by 

means of PPP-NCHR cantilevers (Nanosensors, Switzerland) having a tip diameter <10 nm. The images 

were collected in intermittent contact (tapping) mode on an area of 5×5 µm
2
 (1024×1024 data points) using a 

drive frequency of ~330 kHz and keeping the working set point above 70% of the free oscillation amplitude. 

The scan rate for the acquisition of the images was 0.2 Hz. Gwyddion 2.54 software (http://gwyddion.net/) 

was used for processing the images and the height profiles, while the data were analyzed by using OriginPro 

9.1 software. The latter was also used to carry out the statistical analysis on multiple AFM images (50 flakes) 

for all the tested samples. The samples were prepared by drop-casting the as-prepared GeSe nanoflake 

dispersion onto mica sheets (G250-1, Agar Scientific Ltd.) in N2 and heating to 100°C for 15 min to dry the 

sample and remove adsorbates.  

Raman spectroscopy measurements were performed by using a Renishaw microRaman Invia 1000 mounting 

a 50× objective, with an excitation wavelength of 633 nm and an incident power of 1 mW. For each sample, 

50 spectra were collected. The samples were prepared by drop casting the as-prepared GeSe nanoflake 

dispersion onto Au-coated Si/SiO2 substrates and subsequently dried under vacuum. 

Diffusive reflectance spectroscopy (DRS) measurements were carried out on GeSe nanoflake dispersion 

(diluted or concentrated at various concentrations of GeSe nanoflakes) by using a Cary Varian 5000 UV−vis 

spectrometer with integrating sphere. 

The X-ray photoelectron spectroscopy (XPS) analysis is accomplished on a Kratos Axis UltraDLD 

spectrometer at a vacuum < 10
-8

 mbar, using a monochromatic Al Kα source operating at 20 mA and 15 kV 

and collecting photoelectrons from a 300 × 700 μm
2
 sample area. The charge compensation device was not 

used. Wide spectra were acquired at pass energy of 160 eV and energy step of 1 eV, while high-resolution 

spectra of Ge 2p, Ge 3d, Se 3d, O 1s, C 1s and Au 4f peaks were acquired at pass energy of 10 eV and energy 

step of 0.1 eV. The samples were prepared by drop-casting the dispersion of GeSe nanoflakes on an Au-

coated Si substrate in N2 atmosphere while heating the substrate to 120°C. As-synthetized GeSe crystals 

were stacked onto conductive carbon tape and cleaved prior analysis. The samples were then transferred 



from air to the XPS chamber. Data analysis is carried out with CasaXPS software (version 2.3.19PR1.0). The 

energy scale was calibrated by setting the Au 4f
7/2 

peak at 84.0 eV. For a better comparison of the as-

synthetized crystal and the GeSe nanoflakes, the spectra of the GeSe crystal were calibrated by setting the 

binding energy of the sharp Se 3d doublet equal to the one obtained in the nanoflakes. 

Ultraviolet photoelectron spectroscopy (UPS) with He I (hν = 21.2 eV) radiation was performed to estimate 

the Fermi energy level (EF) and the valence band maximum of the materials under investigation. The 

experiments were conducted on the samples after the XPS analysis using the same equipment. A −9.0 V bias 

was applied to the sample to precisely determine the low kinetic energy cut-off. The energy scale was 

corrected according to the binding energy calibration performed for the XPS measurement. 

Electrodes fabrication  

The photoelectrodes were produced by spray-coating the GeSe nanoflake dispersion (GeSe nanoflakes 

concentration = 0.13 g L
-1

) onto graphite paper (PGS, Panasonic) mounted on a hot plate heated at 60 °C. 

The material mass loading was 0.1 mg cm
-2

. The electrode area was 1.5×1 cm
2
. The photoelectrodes were 

dried overnight at room temperature before the characterization.  

Electrodes characterization 

Scanning electron microscopy analysis of the of the as-produced electrodes was performed using a Helios 

Nanolab 600 DualBeam microscope (FEI Company) operating at 5 kV and 0.2 nA. The electrodes were 

imaged without any metal coating or pre-treatment.  

The electrochemical measurements were performed at room temperature in a flat-bottom fused silica cell 

using the three-electrode configuration of the potentiostat/galvanostat station (VMP3, Biologic), controlled 

via own software. A glassy carbon rod and a KCl-saturated Ag/AgCl were used as the counter-electrode and 

the reference electrode, respectively. The measurements were carried out in 200 mL of 0.5 M H2SO4, or 1 M 

KCl, or 1 M KOH. The pH of the electrolytic solutions was measured with Oakton ION 700 ISE/pH Meter. 

Before starting the measurements, the oxygen was purged from electrolyte by flowing N2 gas throughout the 

liquid volume using a porous frit. A constant, slight nitrogen flow is maintained afterwards for the whole 

duration of the experiments. The Nernst equation: ERHE = EAg/AgCl + 0.059×pH + E
0

Ag/AgCl, where ERHE is the 

converted potential vs. RHE, EAg/AgCl is the experimental potential measured against the Ag/AgCl reference 

electrode, and E
0
Ag/AgCl is the standard potential of Ag/AgCl at 25 °C (0.1976 V vs. RHE), was used to 

convert the potential difference between the working electrode and the Ag/AgCl reference electrode to the 

reversible hydrogen electrode (RHE) scale. The LSV curves were acquired at 5 mV s
-1

 scan rate, in both 

anodic and cathodic directions. The light emitting diodes (LEDs) M455L3 (Thorlabs), M505L3 (Thorlabs) 

and M625L3 (Thorlabs) were used as monochromatic source for λ of 455 nm, 505 nm and 625 nm, 

respectively. The light intensity of the LEDs was adjusted through source meter (2612B Dual-Channel 

System SourceMeter, Keithley)-controlled LED driver (LEDD1B, Thorlabs). The illumination intensity of 

the LED was calibrated by using an optical power and energy meter (PM100D, Thorlabs). A 300 W Xenon 

light source LS0306 (Lot Quantum Design), equipped with AM1.5G filters, was used to simulate solar 

illumination (1 sun). The responsivity of the photoelectrochemical (PEC)-type photodetectors was calculated 

by the ration between the photocurrent density and the light intensity at fixed wavelength. The main Figures 

of Merit (FoM) used to characterize the photocathodes for PEC water splitting are: the onset potential (VOP), 

defined as the equilibrium potential of the photoelectrodes under illumination; the cathodic photocurrent 

density at 0 V vs. RHE (J0V vs RHE) and the anodic photocurrent density at 1.23 V vs. RHE (J0V vs RHE). 

The stability of the GeSe photodetectors was evaluated by recording subsequent 20 LSV scans and 

measuring the corresponding responsivity. 



2. Selected-area electron diffraction analysis 

Figure S1a shows the SAED pattern of the TEM image of the GeSe flakes. Figure S1b displays the 

background-subtracted and azimuthally integrated SAED pattern, which matches with the XRD pattern of 

the orthorhombic (Pnma) GeSe (ICSD card Nr. 230429) (Figure S1c). 

 

Figure S1. a) SAED pattern of the TEM image of the GeSe flakes. b) Background-subtracted and 

azimuthally integrated SAED pattern, plotted as a function of the Bragg angle calculated for Cu Kα 

wavelength c) XRD pattern of the orthorhombic (Pnma) GeSe (ICSD card Nr. 230429). 

 

 

 

 

 



3. Raman statistical analysis 

Figure S2 reports the statistical analysis of the 𝐵3𝑔, 𝐴𝑔
2  and 𝐴𝑔

1  Raman peaks for the GeSe bulk (panels a-c) 

and nanoflakes (panels d-f).  

 

 
Figure S2. Statistical analysis of the 𝐵3𝑔, 𝐸𝑔

2 and 𝐸𝑔
1 Raman peaks for the a-c) GeSe bulk and d-f) 

nanoflakes. 

 



4. Scanning electron microscopy-coupled energy dispersive X-ray spectroscopy analysis of the GeSe 

crystals 

The chemical composition of the synthetized GeSe crystals was estimated through scanning electron 

microscopy (SEM)-coupled energy dispersive X-ray spectroscopy (EDS) analysis, whose images are 

reported in the main text (Figure 3b,c). As shown in Table S1, the SEM-EDS data indicate a slight Ge-

enriched phases of the GeSe crystals (Ge-to-Se atomic ratio ~1.2). The excess of Ge compared to the ideal 

GeSe phase could be ascribed to the formation of surface oxides (e.g., GeO2), which protect the underlying 

GeSe from further oxidation.
11,5,12

 

Table S1. Elemental composition of the GeSe crystals derived from the SEM-coupled EDS analysis. 

 

Element atomic % 

Ge 55.0 

Se 45.0 



5. X-ray photoelectron spectroscopy analysis of the GeSe crystals and nanoflakes 

The composition and the chemical state of the bulk and exfoliated GeSe were evaluated by XPS analysis 

(Figures S3 and S4). For GeSe bulk, the high-resolution XPS spectrum of the Ge 3d region can be 

deconvoluted with multiple doublets, each one with a spin-orbit splitting of 0.6 eV.
13

 The doublet with the 

highest intensity was attributed to the Ge(2+) of GeSe phase (3d
5/2

 peak at binding energy – B.E. – of 

~30.1eV).
14

 The components at higher binding energy are attributed to Ge(4+) in Se-rich Ge selenides (3d
5/2 

peak at ~30.6),
15

  GeO (3d
5/2 

peak at ~31.4 eV) and GeO2 (unresolved doublet, 3d peak at ~32.9 eV)
16

 present 

on the surface of the crystals. The high-resolution XPS spectrum of the Se 3d region can be fitted with two 

doublets corresponding to Se(2-) two-fold coordinated with Ge atoms as in GeSe (3d
5/2

 peak at ~54.0 eV), 

and Se atoms with a fraction of homopolar Se-Se bonds (3d
5/2

 peak at ~54.6 eV), that can be part of Se-rich 

Ge selenides. The area of the Ge 3d and Se 3d peaks, corrected by the relative sensitivity factors, gives a 

Ge/Se ratio of ~1.3, in agreement with the SEM-coupled EDS analysis of the GeSe crystals. 

 

Figure S3. X-ray photoelectron spectroscopy analysis of the GeSe bulk. a) Ge 3d region with the 

deconvoluted components. b) Se 3d region with the deconvoluted components. Solid and dashed lines 

indicate the 3d
5/2

 and 3d
3/2 

components, respectively. 

 

For the GeSe nanoflakes, the high-resolution XPS spectrum of the Ge 3d region can be deconvoluted with 

two doublets corresponding to GeSe (3d
5/2

 peak at ~30.1eV) and to surface Ge(4+) selenides (3d
5/2

 peak at 

~30.7). Germanium oxides are not resolved in the exfoliated sample. The high-resolution XPS spectrum of 

the Se 3d region can be fitted with two doublets corresponding to Se belonging to GeSe (3d
5/2

 peak at ~54.0 

eV), and Se atoms with a fraction of homopolar Se-Se bonds (3d
5/2

 peak at 54.5 eV) that are likely present on 

the surface of the flakes as a Se-rich Ge selenides. The area of the Ge 3d and Se 3d peaks, corrected by the 

relative sensitivity factors, gives a ratio between Ge and Se of ~1.0, as expected from the GeSe 

stoichiometry. 



 

Figure S4. X-ray photoelectron spectroscopy analysis of the GeSe nanoflakes. a) Ge 3d region with the 

deconvoluted components. b) Se 3d region with the deconvoluted components. Solid and dashed lines 

indicate the 3d
5/2 

and 3d
3/2 

components, respectively. 

 



6. Diffusive reflectance of a spray-coated film of GeSe nanoflakes  

Figure S5 reports the R spectrum of a film of GeSe nanoflakes deposited on quartz substrate. These data 

have been used in the main text for the Tauc analysis of the GeSe nanoflakes. 

 

Figure S5. Reflectance spectrum (R) of a film of GeSe nanoflakes. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



7. Comparison between the responsivities of our PEC-type GeSe photodetectors and other solution-

processed photodetectors reported in literature. 

Table S2. Comparison between the responsivities our PEC-type GeSe photodetectors and other solution-

processed photodetectors reported in literature.  

 

Materials 

Device 

configurati

on 

Measurement 

conditions Responsiv

ity 

(mA W
-1

) 

Illuminati

on 

intensity 

(mW cm
-

2
) 

Wavelengt

h 

(nm) 

Referen

ce Electrolyt

e 

Applied 

potential 

GeSe 

nanoflakes 
PEC-type 

0.5 M 

H2SO4 

-0.5 V vs. 

Ag/AgCl 
316.6 0.056 455 

This 

work 
1 M KCl 

-0.1 V vs. 

RHE 
234.5 0.056 455 

GaSe 

nanoflakes 
PEC-type 

0.5 M 

H2SO4 

 

-0.3 V vs. 

RHE 

~160 < 0.0567 455 
17

 

19.5 31.8 455 

InSe 

nanosheets 
PEC-type 

0.2 M 

KOH 

1 V vs. 

SCE 

3.3 × 10
-3

 120 
Simulated 

sunlight 
18

 

4.9 × 10
-3

 40 
Simulated 

sunlight 

Black 

phosphorous 

nanosheets 

PEC-type 
0.1 M 

KOH 

0 V vs. 

SCE 

1.9 × 10
-3

 20 
Simulated 

sunlight 
19

 

2.2 × 10
-3

 100 
Simulated 

sunlight 

GeSe 

nanosheets 
PEC-type 

0.1 M 

KOH 
0.3 V 

0.044 

 
118 

Simulated 

sunlight 
20

 

0.076 26.2 
Simulated 

sunlight 

SnS PEC-type 0.1 Na2SO4 0.6 V 0.018 3.57 365 
21

 

Perovskite 

(CH3NH3PbI

3) 

Metal-

semiconduc

tor-metal 

- 5 V 4.4 1 633 
22

 

PBDTT-

ffQx/PCBM 

bulk 

heterojunctio

n 

Metal-

semiconduc

tor-metal 

- 10 V 1.15 × 10
3
 25 365 

23
 

SnS/RGO 

hybrid 

nanosheets 

FET - 
VDS = 5V, 

Vg = 0 V 
180 0.12 

Visible light 

 

24
 

InSe 

nanoflakes 

Metal-

semiconduc
- 2 V 

274000 A 

W
−1

 
0.53 455 

25
 



tor-metal 

Perovskite 

(CH3NH3PbI

3) PDPP3T 

Metal-

semiconduc

tor-metal 

- 
1 V 

 

10.7 

0.5 

365 

26
 25.5 650 

5.5 937 



8. Linear sweep voltammetry analysis of the graphite paper in 1 M KOH 

Figure S6 shows the cathodic LSV curves of the graphite paper in 1 M KOH (i.e., the current collector used 

for GeSe photoelectrodes). These data indicate that the graphite papers exhibit significant (dark) current 

densities (in the order of tens µA cm
-2

) during cathodic operation for potential inferior to +0.7 V vs. RHE. 

 

Figure S6. Cathodic LSV curve of the graphite paper in 1 M KOH. 

 

Figure S7 reports the anodic LSV curves of the graphite paper in 1 M KOH. The current density is inferior 

to 10 µA cm
-2

, indicating that the higher dark current observed for GeSe photoelectrodes for the same 

applied potential are attributed to GeSe nanoflakes. 

 

Figure S7. Anodic LSV curve of the graphite paper in 1 M KOH. 

 

 



9. Stability tests of the GeSe photodetectors during anodic operation 

Figure S8a,b show the chronoamperometry measurements performed on the GeSe photodetectors under 455 

nm illumination (light intensity: 63.5 µW cm
-2

) at -0.05 V vs. RHE, in the 0.5 M H2SO4 and 1 M KCl, 

respectively. After 3 min, the GeSe photodetector retained its initial photocurrent in 0.5 M H2SO4, supporting 

the stable behaviour observed during LSV analysis. In 1 M KCl, the photodetector progressively degraded, 

showing a ~50% photocurrent decrease after 3 min. 

 

Figure S8. Choronoamperometry measurements for GeSe photoelectrode in a) 0.5 M H2SO4 and b) 1 M KCl 

under 455 nm illumination (light intensity: 63.5 µW cm
-2

) at -0.05 V vs. RHE.



10. Stability tests of the GeSe photodetectors during anodic operation 

Figure S9 reports the responsivity retention of the GeSe photodetectors over 20 anodic LSV scans in the 

investigated media, i.e., 0. 5 M H2SO4, 1 M KCl and 1 M KOH. In all the case, the photodetectors 

significantly degrade over subsequent LSV scans, suggesting a possible oxidation of the GeSe flakes under 

anodic potentials. 

 

Figure S9. Responsivity retention of the GeSe photodetectors during anodic operation in 0.5 M H2SO4 

(applied potential = +0.4 V vs. RHE), 1 M KCl (applied potential = +0.9 V vs. RHE) and 1 M KOH (applied 

potential = +1.2 V vs. RHE). 

 

  



11. Light intensity dependence of the responsivity of the GeSe photodetectors 

Typically, the relationship between the photocurrent density and the light intensity follows the power 

equation photocurrent density ∝ (light intensity)γ,
27,28

 in which γ is a factor determining the response of the 

photocurrent to light intensity. A unity value for γ indicates the absence of charge recombination and trapping 

processes, while non-unity γ suggests a complex process of charge generation, recombination, and trapping 

phenomena within the photoactive material.
27,28

 Figure S10 shows the light intensity dependence of the 

(absolute) cathodic photocurrent density and the responsivity of the GeSe photodetectors in 0.5 M H2SO4 at 

fixed potential of 0 V vs. RHE, under which conditions the photodetectors showed a satisfactory stability. 

The power law fit of the photocurrent density gives a γ of 0.56, indicating significant charge recombination 

of the photogenerated charges, as expected when an interfacial dipole causes a barrier for the photogenerated 

charge to carry out the redox reaction. Therefore, the cathodic responsivity decreases with increasing the 

light intensity. 

 
Figure S10. Absolute photocurrent density (left y‐axis) and responsivity (right y-axis) of the GeSe 

photodetectors as a function of the light intensity measured at 0 V vs. RHE in 0.5 M H2SO4. The curves 

fitting the photocurrent density data is also shown (dashed black line). 

In 1 M KCl, the power law fits to the experimental (absolute) photocurrent density values with γ equal to 

0.83 (Figure S11). As discussed in the main text, this value indicates a satisfactory utilization of the 

photogenerated charges to carry out the redox reaction. As expected for 2D materials, this effect can be 

attributed to the intrinsic maximization of the electrochemically accessible surface area,
29,17,30

 as well as to 

the nearly zero distance between the photogenerated charges and the catalytic surface area.
29,17,30

 

Consequently, the cathodic responsivity is well-retained with increasing the light intensity. Noteworthy, some 

losses of the cathodic photoresponsivity could be ascribed to the degradation of the GeSe photodetectors in 1 

M KCl, as shown in the main text (Figure 6b).  



 
Figure S11. Absolute photocurrent density (left y‐axis) and responsivity (right y-axis) of the GeSe 

photodetectors as a function of the light intensity measured at 0 V vs. RHE in 1 M KCl. The curves fitting the 

photocurrent density data is also shown (dashed black line). 
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