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Section A: Detailed Experimental

1. In situ Thermogravimetric analysis (in situ TGA)

For the investigation of the oxidation behavior of the ground intermetallic samples, in 

situ TGA was performed in a NETZSCH STA 449F3 Jupiter setup. The system was equilibrated 

by flushing 30 min with 100 ml min-1 Ar (99.999%, Linde) and 30 min with the reaction 

mixture of 10 ml min-1 O2 in 90 ml min-1 Ar, both at 25 °C. The temperature program involved 

heating to 800 °C at a rate of 5 °C min-1, followed by an isothermal period of 30 min at 800 °C.

2. Transmission electron microscopy (TEM)

Elemental mapping was conducted with EDX spectroscopy in a FEI TECNAI F20 field 

emission TEM operated at 200 kV. It is equipped with a high angle annular dark-field STEM 

detector (HAADF), a GATAN GIF Tridiem image filter and an Apollo XLTW SDD X-ray 

detector, providing a spatial resolution of about 1 nm for EDX maps.

3. Quasi in situ X-ray photoelectron spectroscopy (XPS)

Characterization of the surface-near chemical state of the samples was performed with 

a Thermo Scientific MultiLab 2000 spectrometer equipped with an Alpha 110 hemispherical 

sector analyzer and a monochromatic Al Kα X-ray gun. The base pressure was kept in the low 

10-9 mbar range and a flood gun supplying electrons with a kinetic energy of 6 eV was utilized 

for compensation of sample charging.

Detailed spectra of relevant regions were obtained with a pass energy of 20 eV and an 

energy step size of 0.05 eV. The background was fitted by a Shirley-type function. The high-

resolution spectra of the Cu 2p3/2 and the In 3d5/2 regions were utilized for the determination of 

the surface-near atomic Cu/In ratio. Quantification was based on the relative sensitivity factors1 

and the different inelastic mean free paths derived from the predictive G1 formula by Gries.2 

For the qualitative assignment of chemical species of Cu and In, reference materials were 
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measured in the same setup under identical conditions. Metallic Cu (sputter-cleaned Cu foil, 

Goodfellow, ≥ 99.99%), Cu2O (Sigma-Aldrich, anhydrous, ≥ 99.99% trace metals basis), CuO 

(Sigma-Aldrich, 99.999% trace metals basis) and Cu(OH)2 (synthesized by precipitation with 

CuSO4 ∙ 5 H2O (Merck, for analysis, 99.7%) and NaOH (Roth, ≥ 99%)) were chosen for Cu 

and metallic In (sputter-cleaned In foil, Goodfellow, 99.999%), as well as In2O3 (Alfa Aesar, 

99.99% metals basis), for In. The untreated intermetallic samples were characterized after 

crushing in an Ar-filled glovebox and successive transfer under Ar into the XPS chamber, 

providing quasi in situ measurements.3 The quasi in situ conditions could not be realized for 

the extraction of the samples from the recirculating batch reactor, hence, ex situ XPS was 

employed instead.
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Section B: Oxidation pre-treatment monitored by in situ TGA as well as post-treatment 

XRD and TEM

Figure S1: In situ TGA investigation of an oxidative pre-treatment of CuIn70, CuIn67 and 

CuIn55. After flushing for 30 min at 25 °C with 100 ml min-1 Ar and 30 min with the oxidative 

mixture consisting of 10 ml min-1 O2 in 90 ml min-1 Ar, the temperature was increased to 

800 °C with a rate of 5 °C min-1, followed by an isothermal period for 30 min. The sample 

masses of each sample are stated above the respective panels.

Table S1: Evaluation of the mass increase determined by in situ TGA.

CuIn70 CuIn67 CuIn55

Mass increase / wt% 11.7 11.9 10.4

Fraction of total oxidation to CuO 
and In2O3 / %

36.0 36.1 29.7
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Figure S2: Ex situ XRD patterns of CuIn70, CuIn67 and CuIn55 after the oxidative in situ TGA 

treatment depicted in Figure S1. The references for Cu,4 Cu2O,5 CuO6 and In2O3
7 were taken 

from the ICDD database8 and the references for Cu7In3,9 Cu2In10 and Cu11In9
11 were calculated 

with the software VESTA 312 using the respective cif-files.

Figure S3: STEM-EDX characterization of the initial states (left Panel) and states after 

oxidation (right Panel) CuIn70, CuIn67 and CuIn55. HAADF images alongside the respective 

EDX maps of the Cu- K (red) and the In-K/In-L (blue) intensity are shown for each sample. 

The oxidation was carried out by in situ TGA under the conditions as described in the context 

of Figure S1.
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Section C: Quasi in situ and ex situ XPS of the IMCs

Figure S4: High-resolution Cu 2p and In 3d XP spectra (plotted vs. BE = binding energy) and 

Cu LMM and In MNN Auger regions (plotted vs. KE = kinetic energy) of untreated CuIn70, 

CuIn67 and CuIn55 and after the redox activation observed by in situ XRD followed by two 

MSR cycles up to 400 °C (cf. Figure 9 in the main text). 

Table S2: Cu/In surface ratio according to XPS.

CuIn70 CuIn67 CuIn55

Cu/In ratio untreated 1.17 1.20 0.64

Cu/In ratio after oxidation, 
reduction and two MSR cycles

0.25 0.15 0.01*

*Cu 2p signal in the range of the noise, hence, ratio is not significant and set to zero.
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Figure S5: XP spectra of the C 1s region of CuIn70, CuIn67 and CuIn55 as-prepared (blue 

traces) and after redox activation followed by two MSR400 cycles (red traces). The spectra of 

one catalyst are depicted on the same scale to guarantee the relative comparability of the as-

prepared and the post-MSR states. The spectra have been smoothed to improve the visibility of 

characteristic features.
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