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S1. Transmission electron microscopy (TEM) 

 

 

Figure S1. Transmission electron microcopy (TEM) images of the common BSCF batch—the batch 

which is in common for all three synthesis parameter investigations—produced with a total metal 

concentration (CTM) of 0.1 M, a flow rate of the precursor solution (FRPS) of 50 mL·min-1 and of the 

dispersing gas (FRDG) of 25 L·min-1 exemplary for the bigger nanoparticles ((c) ∼50 nm) seen in all 

BSCF batches. 
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S2. Powder X-ray diffraction (XRD) 

 

 

Figure S2. Comparison of the X-ray diffraction (XRD) pattern of the common BSCF batch (— CTM = 

0.1 M, FRPS = 50 mL·min-1 and FRDG = 25 L·min-1)—the batch which is in common for all three synthesis 

parameter investigations—with BSCF and possible secondary phase references: (a) Same XRD pattern 

as the one shown at the bottom in Figure 2a, 3a and 4a in the article; (b) Magnification of (a) in the 

secondary phase dominated region. 

The X-ray diffraction (XRD) pattern of the common BSCF batch (— CTM = 0.1 M, FRPS = 

50 mL·min-1 and FRDG = 25 L·min-1)—the batch which is in common for all three synthesis parameter 

investigations—is shown representative for all BSCF batches in Figure S2 together with references of 

BSCF and of possible secondary phases. The primary phase of BSCF is overlapping well with the 

pattern of a cubic ( ICSD: 185122) as well as an orthorhombic ( ICSD: 167326) BSCF reference. 

The main difference between those two crystalline structures is that the length of all three axes of the 

unit cell are identical in the case of the cubic structure (a = b = c) but different in the case of the 

orthorhombic structure (a ≠ b ≠ c) while having in both cases the three angles of the unit cell identical 

( =  = ). This leads to the consequences that the peaks assigned to the cubic structure are split in 

the case of the orthorhombic structure. However, such a splitting of the peaks is only resolved 

measurable when the width of these peaks are narrow and the splitting is strong enough. The used 

laboratory XRD device (refer to 4.2 Material Characterization in the article) and the particle size 

between 5-15 nm as shown in Figure 1 in the article (some particles up to 50 nm as shown in Figure 

S1) lead to a significant peak broadening which makes it impossible to distinguish the possible split 

peaks. Therefore, both crystalline structures are possible for the synthesized BSCF phase as indicated 

in Figure S2 with the two shown references. 

Additional uncertainties occur when assigning the secondary phases of the flame spray 

synthesized BSCF batches, beside of the difficulties introduced by nanoparticles with having 

relative broad peaks. Possible secondary phases were assigned by limiting the possible elements in 

the phases to Ba, Sr, Co, Fe, O, C and N. This analysis showed that many materials could match 

with the peaks assigned to secondary phases. Therefore, the assigned secondary phases in Figure S2 

is only one possibility among others. However, the occurrence of carbonates and nitrates in the 

flame spray synthesized BSCF batches is well known as secondary phases since the corresponding 

peaks of these highly water soluble species are missing after this type of flame spray synthesized 

materials are filtered and washed with ultrapure water [1]. This is a strong indication that many 

secondary phase peaks can be assigned to carbonates and nitrates. Nevertheless, a variety of 

carbonates and nitrates with different compositions could form secondary phases. A relative good 

overlap between secondary phase peaks and a nitrate reference is found for Ba0.5Sr0.5(NO3)2 ( PDF: 
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00-026-0186) as shown in Figure S2. Moreover, SrCO3 ( ICSD: 27445) and BaCO3 ( ICSD: 91890) 

are well known carbonates in flame spray synthesized BSCF batches when using Ba or Sr nitrate 

precursors [1-3]. Possible is also mixtures of those two carbonates as BaxSr1-xCO3 especially in the 

case with x close to one which could explain the slight offset towards smaller angles of the BaCO3 

( ICSD: 91890) double peak at 25° in comparison to the measured XRD pattern. According to 

Bragg’s law a partial replacement of Ba+2 in BaCO3 with Sr+2 would lead to a shift of all peaks 

towards higher angles—assumed that the crystalline structure will remain with a low doping 

concentration—since Sr+2 atoms have a smaller diameter than Ba+2 atoms. However, no reference 

with a small doping amount was found in the used database. Moreover, several single oxides could 

also form secondary phases as BaO ( ICSD: 616005)—a possible intermediate in the BaCO3 

formation process [2]—or CoO ( ICSD: 245324). An overlap of the XRD patterns for the different 

synthesized BSCF batches showed that the peaks assigned to CoO as a possible secondary phase do 

not significantly change and thus cannot be the reason for the observed changes in the OER activity 

or Co oxidation state in BSCF as a function of the synthesis parameters. 
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S3. Co K-edge X-ray absorption near edge spectroscopy (XANES) 

 

 

Figure S3. All aligned Co K-edge X-ray absorption near edge spectroscopy (XANES) spectra of the 

Co metal reference foil measured simultaneously with the samples and standards shown in Figure 

2d, 3d and 4d in the article. 

The XAS spectra were measured in transmission mode—a linear geometry—where the X-ray 

beam passes first the sample and then the reference foil. The beam intensity was measured first before 

the sample (I0), then after passing the sample (I1) and finally after passing the reference foil (I2). 

Applying the natural logarithm on the division of the incident beam intensity (I0) by the sample signal 

(I1) results in the sample spectrum while applying the natural logarithm on the division of the sample 

signal (I1) by the reference signal (I2) results in the reference spectrum. Thus, there is for each sample 

spectrum a corresponding reference spectrum which was measured simultaneously. Both spectra 

were analyzed and processed in the same way. The reference spectra were used not only for the 

calibration of the energy scale but also for the comparison of different sample spectra measured in 

the same energy range—at the same edge. For the latter case, the reference spectra—measured with 

exactly the same foil—were aligned meaning that these spectra were shifted on the energy scale so 

that they all perfectly overlap. These energy shifts were then applied also to the corresponding 

sample spectra meaning that then these spectra will be aligned as well. These aligned sample spectra 

can then be plotted together as shown in Figure 2d, 3d and 4d in the article. Any observable energy 

shift at the same normalized intensity between the aligned sample spectra proves then the difference 

of the oxidation state of the measured element in those samples (Figure 2d, 3d and 4d). Moreover, 

the absence of any energy shift in the aligned reference spectra (Figure S3) proves that the energy 

shifts observed in the aligned sample spectra (Figure 2d, 3d and 4d) do not originate from any 

misalignment. Refer to 4.2 Material Characterization in the article for more information about the 

XAS measurement setup or to reference [4] for more information about the software used for the data 

processing. 
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S4. Fe K-edge XANES 

 

 

Figure S4. Comparison of Fe K-edge XANES spectra of the as-synthesized Ba0.5Sr0.5Co0.8Fe0.2O3- 

(BSCF) batches produced to investigate (a) the total metal concentration (CTM), (b) the flow rate of the 

precursor solution (FRPS) and (c) the flow rate of the dispersion gas (FRDG) as synthesis parameters 

(standards: Fe(II)O (– –) and Fe(III)2O3 (–  –)). (d) All aligned Co K-edge XANES spectra of the Co 

metal reference foil measured simultaneously with the samples and standards shown in (a) - (c). 

The Co and the Fe K-edge was measured simultaneously but only a Co foil was used as 

reference. Therefore, the Co reference foil spectra were also used for the alignment of the Fe K-edge 

spectra. Refer to S3 for a detailed explanation of the alignment process. In summary, even though the 

energy shifts at the same normalized intensity—observed in the Fe K-edges in Figure S4a, S4b and 

S4c—are relative small, are the shifts indeed real since no systematic trend is observable in the 

corresponding aligned reference spectra (Figure S4d). 
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S5. Reference electrode (RE) calibration 

 

 

Figure S5. Recorded cyclic voltammograms (CVs) of a polycrystalline platinum disc insert (PtPC) for 

the reference electrode calibration in a 0.1 M potassium hydroxide (KOH) solution. Hydrogen 

oxidation reaction/Hydrogen evolution reaction (HOR/HER) polarization curve (—) measured with 

a scan rate of 20 mV·s-1 and a rotating disk electrode (RDE) speed rate of 1600 rpm while having the 

electrolyte saturated with H2. The arrow indicates that only the positive-going scan is shown here. A 

diffusion-limited current density (Jlim) of around 2.5 mA·cm--
d
2
isc(–  –) was reached which is in good 

agreement with [5-7]. Insets: (a) Measured before the calibration (—) with a scan rate of 100 mV·s-1 

while having the electrolyte saturated with N2 (RDE speed rate = 0 rpm); (b) HOR/HER polarization 

curve at the x-axis intercept (J = 0 mA·cm--
d
2
isc) showing the offset of the reference electrode (RE, 

Hg/HgO) versus the reversible hydrogen electrode (RHE) of +0.931 V which is opposite as seen in this 

inset since all shown potentials here are versus the used RE (VRE). 
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