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Figure S1. (A) Wide angle 2θ XRD scan on Mn-rich LSMO overlaid by wide angle 2θ XRD scan on 

Nb:STO substrate; (B) calculated lattice constants of LSMO films with respect to the bulk value;  

(C) rocking curves on both the Nb:STO substrate reflex and the LSMO reflex of the same sample as 

presented in (D); (D) φ-scan with Ψ at 45° on a typical LSMO film. 

 

Figure S2. Pole figures of all investigated stoichiometries: (A) Mn deficient; (B) stoichiometric;  

(C) Mn-rich deposited. Note the logarithmic scale is identical for all pole figures. 
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Figure S3. AFM image of LSMO with Mn excess showing a Mn3O4 precipitate presented in Figure 1B 

with a different height scale. Note the chosen height scale here resolves the full height of the  

Mn3O4 precipitate. 

 

Figure S4. Bright field TEM image a LSMO film with a typical precipitate embedded taken with an 

acceleration voltage of 120 keV. Indicated are the STNO substrate, the LSMO film, the precipitate and 

the used protective layer of electron deposited Pt. On top of the precipitate, an additional capping 

can be seen. O K-edge EELS scans on the LSMO film and the capping suggest that the additional 

layer consists of LSMO. The comparison of the O K-edge of the precipitate with data from literature 

in Mn3O4 shows similar features (indicated by 1–5) that are only present in the precipitate. The data 

were taken from ref. [1]. 
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Figure S5. Dark field STEM image showing the LSMO film, the precipitate and the substrate. EELS 

maps for every involved element reveal the elemental distribution, indicating that the precipitate 

consists predominantly of Mn and O, while the film and the capping on the precipitate appear to 

have similar stoichiometries. 



   

 

 

Figure S6. SEM images taken with 15-kV acceleration voltage on Mn-rich LSMO samples.  

(A) A representative section on a pristine Mn-rich sample with the typical density of Mn3O4 

precipitates. (B) Large-area scan showing a representative section of a Mn-rich sample after 

application of the electrochemical measurements. (C) High resolution image on typical Mn3O4 

precipitate after the electrochemical treatment revealing the preservation of the facets of the 

precipitate indicating the crystallinity shown by TEM (Figure S4). (D) Example of remaining sink in 

the LSMO surface where presumably the Mn3O4 precipitate was located. 
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Figure S7. (A) Precipitate density evaluated by imaging the complete surface of the Mn-rich LSMO 

samples by SEM. The precipitate density was correlated with the deposition position corresponding 

to a Mn content of + 5.4% in the case of the sample GS3b and +7.2% in the case of the samples GS3a 

and GS3c. (B) The mean diameter of the Mn3O4 precipitates imaged by SEM. The error bars indicate 

the statistical spread for the complete sample surface in both cases. 

 

Figure S8. Normalized EELS scans across the interface of a Mn-rich LSMO film on an STNO 

substrate. The interface is indicated by the black lines based on the error function of a beam with a  

1.5-nm dispersion showing the spread of the electron beam. As the point of half intensity for Mn and 

Ti coincide at the point predicted by the error function, the obtained resolution of the EELS scan has 

to be close to the dimension of the electron beam. 
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Figure S9. Mn valence states determined by the energy difference between the pre-peak of the  

O K-edge and the Mn L-edge according to refs. [1,2] for (A) the Mn-rich LSMO and (B) the 

stoichiometric LSMO comparing the pristine state (black) to the effects of electrochemical treatment 

(red). The values were determined by averaging the EEL spectra far from the surface in order to 

obtain bulk values. The indicated error results from the fitting error assuming the accuracy of the 

energy position to ±1 eV. 
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Figure S10. Local variation of Mn valence states determined by the energy difference between the 

pre-peak of the O K-edge and the Mn L-edge according to refs. [1,2] for (A) the Mn-rich LSMO and 

(B) the stoichiometric LSMO comparing the pristine state to the effects of electrochemical treatment. 

The indicated error results from the fitting error assuming the accuracy of the energy position to ±1 

eV. The grey symbols indicate the local distribution of the Mn valence resulting from the 

electrochemical treatment. The dashed lines indicate the interface between the LSMO film and the 

electron deposited Pt. 
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Figure S11. EELS scans at the O K-edge across the interface between a Mn-rich LSMO sample and the 

STO substrate. The step size of the separation for the spectra was 1.1 nm, resulting in a total mapped 

spread of 12.9 nm. 

 

Figure S12. Mn gradient with deposition position resulting from different sputter yields of used 

elements. Data based on EMP measurements. Xe gradient extracted by EMP measurements as an 

example for residues of sputter gases present in samples prepared at room temperature. 

520 530 540 550
0

2

4

6

8

10

12

14

interface

STO

 

 

N
o

rm
a

liz
e

d
 i
n

te
n

s
it
y

Energy loss (eV)

LSMO

-15 -10 -5 0 5 10 15
-5

0

5

Depositionposition (mm)

M
n

-o
ff

s
to

ic
h

io
m

e
tr

y
 (

%
)

0.00

0.02

0.04

0.06

0.08

Xe-gradient

c
X

e
 (

a
to

m
ic

 %
)

Mn-gradient



   

 

 

Figure S13. (A) CV measurement of all evaluated Mn-rich LSMO films with the amount of Mn excess 

shown and indicated by the used color code. (B) Comparison of CV measurements of stoichiometric 

LSMO and LSMO with Mn excess, but without precipitates. All measurements were performed with 

Ar-purged 0.1 M KOH supporting electrolyte at 10 mV/s and 1600 rpm. The voltage was corrected 

for electrolyte resistance (~47 Ω for all samples). The forward direction of the second cycle is shown. 
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Figure S14. (A) Overpotential η to obtain a current density of 100 µA/cm2 for all evaluated samples 

correlated with the Mn off stoichiometry based on the Mn gradient determined by EMP 

measurements. (B) Correction of the Mn content of the LSMO matrix in the case of the Mn-rich 

LSMO samples. The correction is based on the density of the Mn3O4 precipitates and their total 

volume estimated by a spherical volume. The total volume of Mn3O4 precipitates removes the 

amount of Mn from the LSMO indicated in (B). (C) Overpotential to obtain a current density of  

100 µA/cm2 for all evaluated samples correlated with the amount of solute Mn in the LSMO film 

based on the correction shown in (B). (D) Overpotential to obtain a current density of 100 µA/cm2 for 

all evaluated samples correlated with the lattice parameter shown in Figure 7A. 

3.82 3.83 3.84 3.85

430

435

440

445

450

455

460

 


 a
t 

1
0

0
 µ

A
/c

m
2
 (

m
V

)

lattice parameter (Å)

4 2 0 -2 -4

430

440

450

460

 
 


 a

t 
1

0
0

 µ
A

/c
m

2
 (

m
V

)

solute Mn (%)

-15 -10 -5 0 5 10 15
-4

-2

0

2

4

6

8

10

 

 

M
n
 o

ff
s
to

ic
h
io

m
e
tr

y
 (

%
)

Depositionsposition (mm)

Segregated

Total Mn

Soluted Mn

8 6 4 2 0 -2 -4

430

440

450

460

 

 


 a
t 

1
0

0
 µ

A
/c

m
2
 (

m
V

)

Mn-offstoichiometry (%)

A B

DC



   

 

 

Figure S15. (A) Un-rotated CV measurement of the freshly-polished Pt-ring in Ar saturated 0.1 M 

KOH supporting electrolyte at 200 mV/s showing the expected features of a polycrystalline Pt metal 

without surface oxides [3]. (B) Ring currents of a freshly-polished Pt-ring in 0.1 M KOH supporting 

electrolyte (Ar-purged for the background measurement, O2-purged for ORR measurements) at  

200 mV/s. Rotation speeds were increased from 500–3000 rpm (lines). All measurements shown are 

the forward direction of the second cycle. 

 

Figure S16. CV measurement of a stoichiometric La0.6Sr0.4MnO3 film (solid blue line) and the 

corresponding ring current (open red circles) obtained by CA at 1.2 V vs. RHE to probe for H2O2. All 

measurements were performed with Ar-purged 0.1 M KOH supporting electrolyte at 10 mV/s and 

1600 rpm, and the positive-going direction of the second scan is shown. 
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Figure S17. CV measurements of all evaluated La0.6Sr0.4Mn1-δO3 films (solid blue lines) and the 

corresponding ring currents (open red circles) obtained by CA at 0.4 V vs. RHE. All measurements 

were performed with Ar-purged 0.1 M KOH supporting electrolyte at 10 mV/s and 1600 rpm. The 

voltage was corrected for electrolyte resistance (~47 Ω for all samples). (A–C) The Mn-rich samples; 

(D,E) the stoichiometric samples; (F–H) the Mn-deficient LSMO samples. Their respective Mn 

off-stoichiometry is indicated in each figure. 
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Figure S18. Disk currents of CA measurements for one LSMO of each stoichiometry for 2 h at 1.7 V 

vs. RHE. Previously and consecutively to the electrolysis, the samples were held at 0.1 V vs. RHE for 

10 min. All electrochemical measurements were performed in Ar-saturated 0.1 M KOH and 1600 

rpm. The measurement protocol applied to the samples prior to electrolysis/extensive CV 

measurements was identical for all samples. 

 

Figure S19. Comparison of CV measurements made prior to the applied long-term measurement and 

subsequent to the long-term measurement. Representative CV measurements are shown for all 

evaluated stoichiometries. All measurements were performed with Ar-purged 0.1 M KOH 

supporting electrolyte at 10 mV/s and 1600 rpm. The voltage was corrected for electrolyte resistance 

(~47 Ω for all samples). The forward direction of the second cycle is shown. The inset shows the Tafel 

analysis comparing the CV before and after the long-term measurement with the determined Tafel 

slope stated. (A–C) The comparison of the effects extensive cycling comparing the first cycle and the 

100th cycle of each sample.  
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Figure S20. (A) Relative changes in the lattice parameters of the initial samples and after the 

electrochemical measurements based on wide angle out-of-plane X-ray diffraction spectra using a 

monochromator. (B) A detailed 2θ XRD scan at the 200 LSMO reflex comparing the blank substrate 

and a Mn-rich LSMO film prior to electrochemical measurements and directly after the applied 

electrochemical measurement (in this case, extensive cycling). 

 

Figure S21. (A) Thickness decency of lattice parameters based on the sample series reported in ref. [4] 

for LSMO with small Mn excess. (B) Overpotential required to obtain 100 µA/cm2 in dependence of 

the lattice parameter for two offstoichiometries analogous to Figure 6B. The dashed line corresponds 

to the lattice parameter with the highest activity, as can be seen in Figure 6B. 
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Figure S22. Electrochemical impedance spectroscopy (EIS) exemplarily shown for each 

stoichiometry. The EIS was conducted with an amplitude of 10 mV/s at open circuit potential and 

used to determine the uncompensated electrolyte resistance by the high frequency intercept. The 

additional feature for Mn-rich LSMO can be attributed to the additional interface due to the  

Mn3O4 precipitates. 

Table S1. Analysis of surface roughness based on AFM images on all samples. The roughness factor 

is the ratio between the surface area and the projected area. 

Sample RMS (nm) Roughness factor 

Mn deficient 0.16 ± 0.04 1.000 ± 0.000 

Mn rich (800 °C deposition temp.) 17.75 ± 4.29 1.006 ± 0.001 

Stoichiometric LSMO 0.12 ± 0.03 1.000 ± 0.000 
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Table S2. Voltages of select highly active electrocatalysts for the OER at 100 µA/cm2ox in  

0.1 M KOH. 

Material  E (V vs. RHE)* Conditions Reference 

La0.6Sr0.4MnO3 1.66 
Epitaxial thin film on 0.5 wt% 

Nb:SrTiO3 
This work 

La0.8Sr0.2MnO3 1.695 
Epitaxial thin film on 0.5 wt% 

Nb:SrTiO3 
[5] 

La0.8Sr0.2MnO3 1.68 Polycrystalline film on Pt [6] 

Ba0.5Sr0.5Co0.8Fe0.2O3 1.525 
Epitaxial thin film on 

La0.8Sr0.2MnO3 
[5] 

RuO2 (100) 1.516 Epitaxial thin film on MgO [7] 

RuO2 (110) 1.547 Epitaxial thin film on MgO [7] 

IrO2 (100) 1.62 Epitaxial thin film on SrTiO3 [7] 

IrO2 (110) 1.689 Epitaxial thin film on SrTiO3 [7] 

SrIrO3 1.548 Epitaxial thin film on DyScO3  [8] 

LaCoO3 1.592 Epitaxial thin film on Nb:SrTiO3 [9] 

RuO2 1.5681 Nanoparticle on GC [10] 

IrO2 1.5821 Nanoparticle on GC [10] 

LaMnO3 1.682 Nanoparticle on GC  [9] 

Ba6Mn5O16 1.664 Nanoparticle on GC [11] 

Co3O4 1.612 Nanoparticle on GC [11] 

LaCoO3 1.583 Nanoparticle on GC [11] 

La0.4Sr0.6CoO3 1.564 Nanoparticle on GC [11] 

La0.8Sr0.2MnO3 1.771 Nanoparticle on GC [5] 

La0.6Sr0.4MnO3 1.972 Pellet [12,13] 
1 Data extrapolated using http://arohatgi.info/WebPlotDigitizer. 

2 Using the roughness factor of 1200, 100 µA/cm2ox equals 0.12 A/cm2pellet. The voltage was calculated 

by extrapolation using the Tafel equation with a Tafel slope of 125 mV/dec and exchange current 

density of 1.4 × 10-7 A/cm2pellet. 

 

 

Table S3. List of all measured samples with their initial thickness and the relative changes after 

employing the electrochemical measurements based on fitted XRR spectra. 

sample Mn off-stoichiometry (%) film thickness (nm) Change in thickness (nm) 

GS2a −2 75.8 −0.17 

GS2b −4.1 76.3 −0.33 

GS2c −2 75.3 −0.28 

GS3a 7.2 76.5 0.13 

GS3b 5.4 82.5 −0.2 

GS3c 7.2 77.1 −1.74 

GS6a 0 72.4 −0.51 

GS6b 0 76.9 −0.31 
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