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Experimental Section 

Preparation. In2O3 sheets were synthesized by calcining In(OH)3 at 600 °C. For this purpose 

In(NO3)3∙xH2O (Alfa Aesar, ≥ 99.99%) was dissolved in deionized water, which was then set 

to a pH value of 10 using ammonia (ω = 25%). The precipitated In(OH)3 was filtered off and 

washed five times with deionized water. The residue was dried in an air stream and calcined at 

600 °C for 2 h at a heating rate of 10 °C/min. Afterwards the obtained In2O3 was sieved using 

a 200 μm sieve. 

Transmission Electron Microscopy (TEM). The transmission electron microscope (JEOL 

JEM-2100F, Tokyo, Japan) is equipped with a Schottky field emitter and operates at a nominal 

acceleration voltage of 200 kV. For preparation, the sample was dispersed in an ultrasonic bath 

for 30 s in ethanol and then placed on a carbon grid (Plano). After drying, the grid was coated 

with carbon (Bal-Tec MED010) to prevent charging by the electron beam. 

Specific Surface Area. N2 adsorption at 77 K was carried out on a SURFER (Thermo Fisher 

Scientific). Prior to the measurement, the sample was outgassed at 80 °C in high vacuum (10-

6 bar) for 48 h. To determine the specific surface area the N2 adsorption curve was fitted to the 

Brunauer–Emmett–Teller (BET) model.1 

X-Ray Diffraction (XRD). Powder XRD patterns were recorded on a Stoe Stadi P 

diffractometer with a Ge(111)-monochromator, Cu Kα radiation (λ = 1.54060 Å), and a 

MYTHEN-1K Dectris detector, using a flat sample holder in transmission geometry. The 

powder XRD patterns were recorded (ex situ) after synthesis of the particles and after H2 

treatment for 1 h at 250 °C (10% H2/Ar, 100 mL/min).  

X-Ray Photoelectron Spectroscopy (XPS). XP spectra were recorded on a modified 

LHS/SPECS EA200 MCD system described previously.2,3 The XPS system was equipped with 

a Mg Kα source (1253.6 eV, 168 W), and the calibration of the binding energy scale was 

performed with Au 4f7/2 = 84.0 eV and Cu 2p3/2 = 932.67 eV signals from foil samples. Before 

measurements, some samples were treated with gas and temperature programs. The subsequent 

transfer of the sample to the analysis chamber was performed without exposure to air (quasi in 

situ). Sample charging was taken into account by setting the peak of the C 1s signal to 284.8 eV. 

Survey spectra were recorded at a resolution of 0.4 eV and detail spectra at a resolution of 

0.1 eV. The deconvolution of the spectra was performed analogously for all measurements 

using Gauss–Lorentzian product functions (30/70), whereby the background was subtracted by 

the Shirley method. All positions change by a maximum of 0.2 eV when comparing all 

measurements (see Figure 3B), which is within the experimental error. For this reason, it can 
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be assumed that no metallic indium or indium hydroxide is present on the surface, independent 

of the pretreatment. 

The O:In ratios given in Table S1 were obtained by integrating the In 3d5/2 signal and 

the O 1s signal after a Shirley background subtraction from the detailed spectra. The integration 

boundaries were the same for all measurements. Please note that we attribute the shoulder of 

the O1s signal at higher binding energies to oxygen atoms near oxygen defects, since hydroxide 

species are found at slightly higher binding energies.4,5 For this reason, this area is also included 

in the calculation of the O:In ratio. The resulting areas were corrected with the corresponding 

relative sensitivity factors, i.e., 3.9 for the In 3d5/2, 0.66 for the O 1s, and 0.25 for the C 1s 

signal.6 All samples reduced with hydrogen (10% H2/Ar) were pretreated with O2 (25% O2/Ar) 

at 120 °C. The total flow rate was always 100 mL/min.  

In situ Raman Spectroscopy (385 nm). In situ Raman spectra with an excitation wavelength 

of 385 nm were recorded on a Raman spectrometer described previously,7,8 using a commercial 

CCR1000 cell (Linkam Scientific Instruments) equipped with a CaF2 window. The power of 

the laser at the sample was set to 8.5 mW. Before the measurements, the sample was heated for 

1 h at 120 °C at a flow rate of 50 mL/min (25% O2/He). Afterwards, spectra were obtained in 

O2 flow (25%) at 25 °C, in H2 flow (7%) at 25 °C, and in H2 flow at 120 °C (total flow rate: 

50 mL/min). Spectra were obtained from a sum of two spectra with a measuring time of 20 min 

each in addition to cosmic ray removal, which results in a total measuring time of 1 h. Raman 

spectra are presented after background removal. 

In situ Raman Spectroscopy (532 nm). Raman spectra were recorded on a HL5R transmission 

spectrometer (Kaiser Optical), employing a frequency-doubled Nd:YAG laser (Cobolt) for 

excitation at 532 nm, as described previously.9,10 The spectral resolution is specified as 5 cm-1, 

and the stability of the band positions is better than 0.3 cm-1. The laser power at the position of 

the sample was set to 6 mW. For in situ measurements 20–25 mg of sample was placed in a 

stainless-steel sample holder (diameter: 8 mm; depth: 0.5 mm) and exposed to a gas flow of 

25% O2 /Ar (total flow rate: 100 mL/min). In2O3 was measured using an exposure time of 900 s 

and 2 accumulations. For each measurement a cosmic ray filter was used. As a result, the total 

measuring time amounted to about 1 h.  

In situ UV-Vis Spectroscopy. The UV-Vis spectra were taken in diffuse reflection using an 

AvaSpec ULS2048 spectrometer (Avantes) equipped with a deuterium lamp and a halogen 

discharge lamp. The measuring time was 60 s, which is composed of an exposure time of 

300 ms and 200 runs. As the white standard, magnesium oxide powder (MgO, Sigma Aldrich) 

was used, which shows no absorption between 170 nm and 1100 nm. The measurements were 
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taken under the same conditions as for the Raman measurements (λex = 532 nm) before and after 

each Raman spectrum.  

 

 

Figure S1: Nitrogen adsorption–desorption isotherm of In2O3 nanoparticles. 

 

 

Figure S2: XRD pattern of the In2O3 nanoparticles as prepared (black) and after exposure to 

H2 at 250 °C (red). The arrows mark the reflections of metallic indium. 

  



 S5 

 

Figure S3: TEM image (left) and detailed TEM image (right) of In2O3 nanoparticles. The white 

arrows indicate the distance between lattice planes in the direction of the particle surface. 

 

 

Figure S4: C 1s photoemission of In2O3 nanoparticles. The black spectrum was obtained 

directly after synthesis, the red one after O2 (25%) pretreatment, the blue and green ones after 

H2 (10%) pretreatment at 25 °C, and the violet one after H2 pretreatment at 250 °C. All spectra 

were recorded at 25 °C, except for the green one, which was recorded at 120 °C.  
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Figure S5: O 1s photoemission of In2O3 nanoparticles. For better comparability the spectra 

were normalized to the highest intensity signal. The black spectrum was obtained directly after 

synthesis, the red one after O2 (25%) pretreatment, the blue and green ones after H2 (10%) 

pretreatment at 25 °C, and the violet one after H2 pretreatment at 250 °C. All spectra were 

recorded at 25 °C, except for the green one, which was recorded at 120 °C. 

 

 

Figure S6: In situ 532 nm Raman spectra of In2O3 nanoparticles recorded in argon at 25 °C 

after a 1 h pretreatment in 10 % H2 at 250 °C. 
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Figure S7: In-H region of in situ Raman spectra (λex = 532 nm) of In2O3 nanoparticles. Spectra 

were recorded at the indicated temperatures, at a total flow rate of 100 mL/min, and by applying 

a feed of 25 % O2/Ar for oxidative and of 10 % H2/Ar for reductive conditions. Spectra are offset 

for clarity. 

 

 

Figure S8: O-H region of in situ Raman spectra (λex = 532 nm) of In2O3 nanoparticles. Spectra 

were recorded at the indicated temperatures, at a total flow rate of 100 mL/min, and by applying 

a feed of 25 % O2/Ar for oxidative and of 10 % H2/Ar for reductive conditions. Spectra are offset 

for clarity. 
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Figure S9:  Comparison of in situ 385 nm Raman spectra of In2O3 nanoparticles recorded at 

25 °C in 25% O2/He (red) and recorded at 120 °C in 7% H2/He (blue) (pretreatment: 1 h, 

120 °C, 25% O2/He, 50 mL/min). In addition, a spectrum in helium at 25 °C after a 1 h 

pretreatment in 7 % H2 at 250 °C is shown (black). The black arrows indicate the defect-related 

bands. The asterisks (*) mark bands originating from the CaF2 window, while the sharp features 

result from cosmic rays.  

 

Table S1: Surface composition (in at.%) and O:In ratios obtained from XPS measurements. 

Please note that the surface composition was derived from survey spectra and the O:In ratios 

from detailed spectra. Furthermore, detailed spectra were recorded about 15 min after the 

survey spectra. 

Pretreatment  C / at.% O / at.% In / at.% O:In ratio 

As prepared 23.0 46.5 30.5 1.47 

1 h 120 °C O2, 30 min 25 °C O2  5.8 56.0 38.2 1.44 

1 h 25 °C H2 8.1 54.6 37.3 1.36 

1 h 25 °C H2, 120 °C in analysis 

chamber 

8.6 53.3 38.1 1.38 

1 h 250 °C H2 8.2 54.5 37.3 1.40 
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Computational Section  

Density Functional Theory (DFT) Calculations. Calculations were performed using the spin-

polarized DFT approach as implemented in the Vienna Ab initio Simulation Package (VASP, 

Version 5.3.5, https://www.vasp.at/), with the generalized gradient approximation of Perdew, 

Burke and Ernzerhof (PBE)11. The In (4d, 5s, 5p) and O (2 s, 2p) electrons were explicitly 

treated as valence states within the projector augmented wave (PAW) method12 with a plane-

wave cutoff of 500 eV, whereas the remaining electrons were treated as part of the atomic cores. 

To calculate the bulk equilibrium lattice constant, several primitive In2O3 cells (Ia3̅) with 

different lattice constants were relaxed using a cutoff of 800 eV, and total energies and forces 

were calculated with a precision of 10-8 eV and 10-2 eV/Å for electronic and force convergence, 

respectively. For all additional calculations total energies were calculated with a precision of 

10-6 eV. This results in a lattice constant of 10.298 Å. The plot of the lattice constant against 

the total energy is shown in Figure S10. The sampling of the Brillouin zone is realized by 

(6×6×6) and (3×3×3) Monkhorst–Pack grids13 for the primitive cell and the unit cell, 

respectively. 

After relaxation, a normal mode analysis was performed followed by a calculation of the Raman 

intensities using density functional perturbation theory (DFPT). For more detailed information 

on this approach please refer to our previous studies.14 

 

Figure S10: Total energy of primitive In2O3 cells (Ia3̅) as a function of lattice constant using 

a cutoff of 800 eV (for more details see text). 

https://www.vasp.at/
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Figure S11: Comparison of a section of theoretical (DFT) Raman spectra of the non-defective 

primitive and unit In2O3 (Ia3̅) cell. 
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