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Abstract
The Glatt Powder Synthesis offers a versatile tool for the development and industrial manufacturing of innovative materials 
for catalyst production. This technology is exemplified by the material Ba0.5Sr0.5Co0.8Fe0.2O3-δ (BSCF), showcasing its 
application as a catalyst for the Hydrogen Evolution Reaction (HER). The effectiveness of this method is attributed to the 
specific conditions present in the pulsating hot gas flow.
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Introduction

Hydrogen is regarded as a key resource for a sustainable 
energy future and plays a crucial role in the effort to reduce 
dependence on fossil fuels and lower global CO₂ emissions. 
The origin of hydrogen is often indicated by a color-coding 
system that reflects various production methods and their 
environmental impacts. Green hydrogen, produced through 
electrolysis using renewable energy sources, is considered 
the most environmentally friendly option, while blue hydro-
gen is generated through steam reforming of natural gas with 
CO₂ capture. In contrast, grey hydrogen has a higher eco-
logical footprint, as it is produced from fossil fuels without 
CO₂ reduction [1, 2].

Alkaline electrolysis is a central process for producing 
green hydrogen, wherein water is split into hydrogen and 
oxygen using electric current. This technology is particu-
larly interesting as it relies on cost-effective catalysts and 
operates in alkaline media, which can lead to improved effi-
ciency [3]. A critical step in this process is the HER, which 
is supported by various catalysts. Commonly used catalysts 
include nickel, platinum, cobalt, molybdenum, and iron, 
each with their unique advantages and disadvantages [4–6]. 
Notably, Barium-Strontium-Cobalt-Iron Oxide (BSCF), a 
mixed oxide, is highlighted for its high catalytic activity 
and stability in alkaline media, making it a promising cata-
lyst for the HER [7, 8]. The tunability of BSCF’s composi-
tion allows for the optimization of its properties, leading to 
enhanced performance in hydrogen production [9].

In this work, the material Ba0.5Sr0.5Co0.8Fe0.2O3-δ is 
synthesized as a crucial step in the process. This method 
presents a significant advantage over the traditionally used 
solid-state reaction, primarily due to its ability to achieve a 
more uniform particle size and enhanced phase purity. The 
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precise control of synthesis conditions in a pulsating hot 
gas flow allows for improved homogeneity of the final prod-
uct, which is critical for optimizing catalytic performance. 
Additionally, the Glatt Powder Synthesis can reduce reaction 
times and energy consumption, making it a more efficient 
alternative for producing high-performance catalysts for the 
HER.

Results and discussion

The synthesis of Ba0.5Sr0.5Co0.8Fe0.2O3-δ was realized by 
the combustion of a solution containing the stoichiometric 
amounts of raw materials using the Glatt Powder Synthesis. 
A comprehensive description of the reactor design is 
provided elsewhere [10]. The reaction temperature was set 
to achieve an outlet temperature of 1240 °C at the reactor 
exit. This high temperature is essential for promoting the 
necessary chemical reactions and ensuring the formation of 
the desired perovskite structure, critical for the material’s 
effectiveness as a catalyst.

The phase purity of the synthesized BSCF was confirmed 
using X-ray powder diffraction (Fig. 1). All diffraction lines 
were found to correspond to the cubic perovskite structure 
with space group Pm- 3 m. The sharp lines correspond to 

the reflection planes (100), (110), (111), (200), (210), (211), 
(220) indicating that the material possesses high crystallin-
ity and the desired phase purity. The lattice parameter of the 
cubic cell was determined via Rietveld structural analysis to 
be a = 0.4007 nm, which is consistent with values reported 
in the literature [11]. The synthesized material is showing 
isotopic properties with a crystal size of 150 nm. Scanning 
electron microscopy (Fig. 2) images reveal a spherical mor-
phology with compact and dense particles. The narrow parti-
cle size distribution facilitates high packing densities, which 
is advantageous for catalytic applications, enhancing the 
overall efficiency of the BSCF catalyst in the HER (Fig. 3).

The polarization curve of the synthesized BSCF was 
assessed in comparison to glassy carbon and nickel pow-
der. For this purpose, each powder was applied to a rotat-
ing disk electrode. The preparation and characterization 
were based on experimental studies from the literature 
[11]. The electric potential was corrected for iR losses, 
ensuring accurate measurement of the electrochemical per-
formance of the materials during the HER (Fig. 4). It can 
be seen that the prepared BSCF exhibits a high catalytic 
activity for the HER in alkaline media. Further evaluation 
of the catalytic activity is to determine the overpotential 
that is required to deliver an electrode current density of 
10 mA·cm−2 (η10). The prepared BSCF shows a η10 of 148 

Fig. 1   XRD pattern of the synthesized BSCF
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mV which is significantly lower than the used Ni pow-
der (η10 = 485 mV). The obtained value is comparable to 
reported overpotentials for several transition metal oxide 
electrocatalysts including other BSCF materials prepared 
by other synthesis methods [12, 13].

In alkaline media, HER involves the reduction of water 
molecules rather than protons, making it kinetically more 
challenging compared to acidic conditions. The reaction 
proceeds through two main steps [14, 15]:

1. Volmer reaction

The first step involves the adsorption of hydrogen onto 
the catalyst (M) surface through the reduction of water:

Here, a water molecule donates a proton, forming an 
adsorbed hydrogen intermediate (M–H*) while releasing 
a hydroxide ion (−OH) into the solution.

H
2
O +M + e

−
⇄ M − H

∗
+ OH

−

Fig. 2   SEM images of the synthesized BSCF

Fig. 3   Particle size distribution of the synthesized BSCF
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2. Hydrogen evolution pathways

Following hydrogen adsorption, molecular hydrogen is 
generated via one of two possible routes:

2.1. Heyrovsky reaction (electrochemical desorption)

M − H
∗
+ H

2
O + e

−
⇄ M + H

2
+ OH

−

In this step, the adsorbed hydrogen reacts with another 
water molecule and an electron to form H2, simultaneously 
releasing an −OH ion.

2.2. Tafel reaction (hydrogen recombination)

In this mechanism, two adjacent adsorbed hydrogen 
atoms combine directly to form molecular hydrogen.

To gain a more precise insight into the mechanism 
involved, Tafel plots were calculated (Fig. 5). The rate-lim-
ited step of the HER can be determined by the Tafel slope. 
Tafel slopes of 120, 40, and 30 mV·dec−1 give a direction 
to Volmer, Heyrovsky, and Tafel determining rate steps [14, 
15].

The Ni powder shows a Tafel slope of 70 mV·dec−1 
suggesting a mixed Volmer–Heyrovsky mechanism, 
meaning both H₂O dissociation and electrochemical 
desorption contribute to the reaction rate. The BSCF 
materials shows a Tafel slope of 216 mV·dec−1 which is an 
unexpected high value for this type of oxide. Typical Tafel 
slopes are reported between 40 and 120 mV·dec−1 [12, 
13]. This high value could indicate that the HER process is 
influenced by a combination of slow steps, weak or strong 
proton adsorption, heterogeneous mechanisms, or even 
transport and diffusion barriers. For higher values of log(j) 
the Tafel slope is only slightly decreasing to a value of 178 
mV·dec−1 which further suggests a complex mechanism. 

2M − H
∗
⇄ M + H

2

Fig. 4   Electrochemical measurement of HER activity on glassy car-
bon, nickel powder (45 µm), and BSCF powder

Fig. 5   Corresponding Tafel 
plots of glassy carbon, nickel 
powder (45 µm), and BSCF 
powder
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The catalytic activity of the material may depend on the 
structural properties, in particular the presence of oxygen 
defects [12, 16, 17]. Within the crystal lattice, these have an 
influence on electron transfer. On the catalyst surface, these 
active sites function for water adsorption and dissociation. 
A high concentration leads to high activity according to 
the Volmer mechanism. If the binding of the proton is very 
strong, the subsequent formation of hydrogen is limited.

A high concentration of defects can lead to a distortion 
of the surface structure, which in turn changes the catalytic 
properties of the material. This could lead to the reaction 
mechanism becoming more complex and additional steps 
being required. If the defects are not evenly distributed 
on the surface, this could lead to heterogeneous reaction 
mechanisms in which different regions of the surface make 
different contributions to the overall reaction. For the 
synthesized BSCF material an oxygen defect of δ = 0.63 
was calculated that indicates a clear deviation from the 
ideal ABO₃ structure. A defect density of δ = 0.63 leads 
to a distortion of the crystal structure, as a considerable 
proportion of the oxygen positions in the crystal lattice are 
missing. This distortion can lead to disorder in the material 
which can be seen by an increase in the lattice constant [18]. 
The lattice constant of the synthesized BSCF material was 
calculated with a = 0.4007 nm. The increased oxygen defect 
concentration could possibly be due to the citric acid used as 
a complexing medium, which has reducing properties, and 
the high synthesis temperature. The abrupt cooling of the 
material by cold air freezes these defects.

The distortion of the structure and the resulting defects 
increase the surface activity, which helps to improve the 
catalyst performance but could also make the kinetics of 
the reaction more complex.

Conclusion

This study highlights the successful synthesis of the 
perovskite material Ba0.5Sr0.5Co0.8Fe0.2O3-δ using Glatt 
Powder Synthesis, demonstrating its potential as a highly 
effective catalyst for the HER. The synthesis process, 
involving the spraying of a stoichiometric solution and 
maintaining a reactor outlet temperature of 1240 °C, was 
critical for achieving the desired perovskite structure.

The phase purity of the synthesized BSCF was confirmed 
using X-ray powder diffraction, with all diffraction peaks 
corresponding to a cubic perovskite structure. Scanning 
electron microscopy images revealed a spherical 
morphology with compact and dense particles, allowing for 
high packing densities that enhance catalytic performance.

Comparative analysis of catalytic activity showed that 
BSCF significantly outperforms glassy carbon and nickel 
powder, making it a promising candidate for alkaline 

water electrolysis applications. These findings highlight 
the importance of optimizing material synthesis to achieve 
high-performance catalysts that can facilitate the transition 
to sustainable energy solutions.

Experimental

Synthesis of BSCF oxide

The BSCF oxide was prepared by spray pyrolysis of a 
solution containing stoichiometric amounts of BaCO3, 
SrCO3, CoCO3, and Fe(NO3)3·9H2O dissolved in a citric 
acid solution. First, the carbonates of barium, strontium, and 
cobalt were dissolved in citric acid solution. Additionally, 
iron nitrate was added. The molar ratio of cations to citric 
acid was set to 1.75:1 (ccat = 5.4 mol/dm3). The solution with 
an oxide content of 30 wt% was sprayed by a two-substance 
nozzle from the bottom into the reaction chamber using a 2 
mm liquid insert and a spray pressure of 3.0 bar. The system 
was heated up and the spraying process commenced at an 
outlet temperature of approximately 1220 °C. Due to the 
exothermic nature of the reaction, the temperature increased 
to about 1300 °C. The pulse frequency was set to 80 Hz and 
the spray rate was maintained between 30 and 50 g/min to 
ensure stability in the outlet temperature at the reactor exit at 
1240 °C. The powder was quenched to 120 °C at the reactor 
outlet using cooling air and was subsequently separated from 
the process gas stream using an H13 cassette filter.

Material characterization

The phase structure of the BSCF powder was characterized 
by X-ray diffraction measurement (Phaser D2, Bruker) 
with a step size of 0.02° in 2θ in the range of 10–70° at 
room temperature using CuKα radiation (λ = 1.54065 Å). 
Structural information was obtained by Rietveld refinement 
using Maud software [19]. Background correction was done 
using a fourth-order polynomial. The images were taken 
with the Phenom XL scanning electron microscope (Thermo 
Fisher Scientific) for optical evaluation of the samples. 
The particle size analyses were performed with the laser 
diffraction system Cilas 1190 LD (Quantachrome).

Electrochemical measurements

The HER electrochemical activities of the investigated cata-
lysts were evaluated in a three-electrode configuration using 
a thin film rotating disk electrode system (Pine Research 
Instrumentation) on an electrochemical workstation (Pine 
Research Instrumentation) according to preparation and 
experimental setup find in [11]. A Hg|HgO (1 M KOH) 
electrode served as the reference electrode, while a graphite 
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rod acted as the counter electrode. For the preparation of the 
working electrode, a catalyst ink was formulated by dispers-
ing 5 mg of catalyst material, 1 mg of carbon black, neutral-
ized Nafion into a solvent mixture containing isopropanol 
and water. The ink was applied onto a polished glassy carbon 
electrode and allowed to dry while rotating at 700 rpm for 
approximately 30 min. Before conducting electrochemical 
measurements, the electrode was preconditioned by cyclic 
voltammetry in the potential range of − 0.9 V to − 1.65 V 
(vs. Hg|HgO) at a scan rate of 100 mV·s⁻1 for 40 cycles, 
with a rotation speed of 1600 rpm. The HER activity was 
subsequently evaluated through linear sweep voltammetry 
at a scan rate of 10 mV·s⁻1 while maintaining the electrode 
rotation at 1600 rpm. The electric potential is iR corrected.
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