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ABSTRACT 
A series of quasi-2D oxides, with formula SrLaAl1/2M1/2O4 (M = Mn, Fe, Co), have been 
synthesized and their electrocatalytic activity has been investigated for both half reactions of water 
splitting, namely oxygen evolution reaction (OER) and hydrogen evolution reaction (HER).  These 
layered oxides consist of octahedrally coordinated Al/M metals, where the octahedra are separated 
by alkaline earth/rare earth cations. Among the synthesized materials, SrLaAl1/2Co1/2O4 shows the 
best performance, evident from considerably lower overpotentials for OER and HER, as well as 
faster reaction kinetics, evaluated by the Tafel method. The improved performance of 
SrLaAl1/2Co1/2O4 is explained in terms of a combination of factors, including the greater bond 
covalency due to the higher electronegativity of Co than Mn and Fe, as well as the favorable 
electronic configuration of trivalent cobalt. Importantly, the electrical conductivity studies indicate 
a correlation between charge transport and the electrocatalytic activity, where the most active 
catalyst also shows the highest electrical conductivity.  
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INTRODUCTION 

Finding sustainable sources of energy will be one of the most challenging issues of the next 

century. It is urgent to access clean energy sources, given the growing global energy demand and 

environmental concerns. Renewable sources, such as solar and wind, are excellent alternatives to 

fossil fuels, but their intermittent nature limits their application.1, 2 Hydrogen is widely considered 

a clean and renewable energy source to replace carbon emitting fossil fuels owing to its 

environmental compatibility and high specific energy. Electrochemical water splitting is a 

promising approach for sustainable hydrogen production.3, 4 The process of electrochemical water 

splitting occurs via two half-reactions, namely oxygen evolution reaction (OER) and hydrogen 

evolution reaction (HER). Theoretically, a cell potential of 1.23 V (vs. reversible hydrogen 

electrode) is required to drive this process, but in practice, it requires a considerable overpotential 

to overcome the activation energy barrier, especially for OER.5 

Precious metal catalysts, such as IrO2
6 and RuO2

7 for OER, and Pt/C8, 9 for HER have been utilized 

to facilitate these processes by reducing the overpotentials. However, the high cost of these 

catalysts has motivated the search for more economical alternatives.10, 11 Perovskite related oxides 

can be excellent candidates for this application due to their stability and compositional and 

structural variety. Some of the catalysts in this family have shown great promise, especially for 

OER, such as Ba0.5Sr0.5Co0.8Fe0.2O3-δ (BSCF).12 Several perovskite-related electrocatalysts have 

also been reported by our group.13-20 A related class of oxides are those having the general formula 

A2BO4, where A is often an alkaline earth metal or a lanthanide and B is usually a transition metal 

(Figure 1). This family of oxides are structural analogues of the fluoride K2NiF4. Therefore, they 

are often referred to as K2NiF4-type oxides. These oxides have been studied in various fields, such 

as solid oxide fuel cells (SOFC),21-23 superconductivity,24, 25 spintronics,26, 27 magnetism,28, 29 and 





EXPERIMENTAL 

The materials SrLaAl1/2Mn1/2O4, SrLaAl1/2Fe1/2O4, and SrLaAl1/2Co1/2O4 were synthesized by solid 

state method. Stoichiometric amounts of SrCO3, La2O3, Al2O3, Mn2O3, Fe2O3, and Co3O4 were 

mixed thoroughly by agate mortar and pestle, and pressed into pellets. These pellets were calcined 

at 1250 °C for 96 hours with intermediate grinding and refiring. The heating and cooling rates 

were set to be 100 °C per hour. SrLaAl1/2Fe1/2O4 and SrLaAl1/2Co1/2O4 samples were heated in air, 

whereas SrLaAl1/2Mn1/2O4 was heated under argon to obtain a pure phase. The air synthesis for 

this compound led to an impure product. In addition, for the purpose of comparison, the synthesis 

of the Al-only compound, SrLaAlO4, was attempted under the same conditions in air. However, it 

consistently led to impure products. Whereas the three compounds containing transition metals 

could all be obtained as pure single phase products. The crystal structures of these compounds 

were determined by high resolution powder X-ray diffraction (PXRD) using Cu Kα1 radiation 

with a wavelength of λ = 1.540556 Å. GSAS software34 and EXPEGUI interface35 were used for 

Rietveld refinements. Oxygen content was determined by iodometric titration described 

elsewhere.36, 37 Electrical conductivity measurements were done on sintered pellets by a 4-point 

probe direct-current (DC) method. Electrocatalytic activities were studied on an electrochemical 

workstation with a standard three electrode glass cell system using a rotating disk electrode at 1600 

rpm. The reference electrodes were a commercial Ag/AgCl electrode in 1 M KCl (CH instruments, 

Inc.) and an Ag/AgCl electrode in saturated KCl (Pine Research Instrumentation Inc.) for the OER 

and HER experiments, respectively. The counter electrode for OER was a platinum electrode. 

Whereas, for HER, a carbon electrode was used to avoid the possible dissolution of the platinum 

electrode in acidic condition and its contribution to the HER.38 A glassy carbon (GC) disk electrode 

(geometrical surface area 0.196 cm2) loaded with the catalyst ink was used as the working electrode 



for both HER and OER. The catalyst ink was prepared by mixing 35 mg of the catalyst powder, 7 

mg of carbon black (Fuel Cell Store) and 40 µL of Nafion D-521 solution (Alfa Aesar, 5% w/w in 

water and 1-propanol) and 7 mL of Tetrahydrofuran (Alfa Aesar, 99%). The mixture was sonicated 

for 10 minutes to make it homogeneous. The added carbon black helps the catalysis process by 

enhancing the electrical conductivity and maximizing the utilization of the catalyst.39-41 20 µL of 

the catalyst ink was dropcasted on the GC electrode, in 10 µL increments and an interval of one 

minute, and was dried for 24 hours in air. Cyclic voltammetry (CV) data for OER and HER were 

recorded at a scan rate of 10 mVs-1 and 20 mVs-1, respectively. Chronopotentiometry was 

employed to study the stability of the catalyst in different electrolytes. Chronopotentiometry under 

OER conditions was done using a two-electrode setup on nickel foam electrodes to avoid the 

corrosion of the glassy carbon electrode upon prolonged exposure to the oxidative conditions. For 

this purpose, two square pieces of nickel foam with dimensions of 1 cm2 were each loaded with 

100 µL of catalyst ink in 10 µL increments, followed by overnight drying. The nickel foam 

electrodes were separated by a glass fiber filter paper, and were connected to the potentiostat 

through gold leads connected to gold wires. The cell was soaked into the electrolyte solution for 

12 hours before the experiment. 

 

 

RESULTS ND DISCUSSION  

Crystal Structure 

The X-ray diffraction patterns of SrLaAl1/2M1/2O4 (M = Mn, Fe, Co) are shown in Figure 2. All 

three compounds have tetragonal I4/mmm space group, consistent with a previous structural report 

for the Co compound.33 The refined structural parameters are listed in Tables 1-3.  



Table 1. Refined structural parameters for SrLaAl1/2Co1/2O4 using powder X-ray diffraction data. 
Space group: I4/mmm, a = 3.78562(2) Å, c = 12.5157 (1) Å Rp = 0.0345, wRp = 0.0462 

Atom Multiplicity Occupancy x y z Uiso 
Sr 4 ½ 0 0 0.3599(1) 0.0276(5) 
La 4 ½  0 0 0.3599(1) 0.0276(5) 
Co 2 ½ 0 0 0 0.023(2) 
Al 2 ½ 0 0 0 0.020(2) 
O1 4 1 0 0.5 0 0.030(4) 
O2 4 1 0 0 0.1638(9) 0.023(3) 

 
 
Table 2. Refined structural parameters for SrLaAl1/2Fe1/2O4 using powder X-ray diffraction data. 
Space group: I4/mmm, a = 3.8180(1) Å, c = 12.7035 (4) Å Rp = 0.0359, wRp = 0.0471 

Atom Multiplicity Occupancy x y z Uiso 
Sr 4 ½ 0 0 0.3589(1) 0.0129(5) 
La 4 ½  0 0 0.3589(1) 0.0129(5) 
Fe 2 ½ 0 0 0 0.011(2) 
Al 2 ½ 0 0 0 0.011(2) 
O1 4 1 0 0.5 0 0.005(4) 
O2 4 1 0 0 0.170(1) 0.028(4) 

 
 
Table 3. Refined structural parameters for SrLaAl1/2Mn1/2O4 using powder X-ray diffraction 
data. Space group: I4/mmm, a = 3.7755(2) Å, c = 12.8873 (8) Å Rp = 0.0474, wRp = 0.0658 

Atom Multiplicity Occupancy x y z Uiso 
Sr 4 ½ 0 0 0.35735(8) 0.0105(5) 
La 4 ½  0 0 0.35735(8) 0.0105(5) 
Mn 2 ½ 0 0 0 0.002(1) 
Al 2 ½ 0 0 0 0.002(1) 
O1 4 1 0 0.5 0 0.045(3) 
O2 4 1 0 0 0.1656(5) 0.022(2) 

 
 

In these A2BO4 oxides (A = Sr/La and B = Al1/2Mn1/2, Al1/2Fe1/2, Al1/2Co1/2), the BO6 octahedra are 

distorted. The B-O distances in the basal plane (ab plane) are shorter than the apical B-O bonds, 

as listed in Table 4. Each BO6 octahedron is connected to four neighboring BO6 octahedra in the 

ab plane through common O atoms. The A site cation is surrounded by nine oxygen atoms, as 

shown in Figure 1b.  





While the rB values in the above formula depend on the spin state of the transition metal, some 

ions such as Fe3+ are commonly found in high-spin state in ambient conditions.46 As an example 

of the utilization of this formula, using Shannon’s ionic radii ( 𝑟𝑆𝑟2+ = 1.31 Å  and 𝑟𝐿𝑎3+ =

1.216 Å for CN = 9; 𝑟𝐹𝑒3+ = 0.645 Å for CN = 6, HS),47 the calculated tolerance factor for the 

Fe-containing material  is found to be 0.946, which falls well within the range expected for 

tetragonal symmetry. 

Iodometric titrations confirmed the oxygen stoichiometry in these materials to be 4 oxygen per 

formula unit. This is consistent with trivalent state of transition metals in these materials. As will 

be discussed later, SrLaAl1/2Co1/2O4 shows the best electrocatalytic activity among the three 

compounds. Therefore, X-ray photoelectron spectroscopy was used to confirm the oxidation state 

of the transition metal in this compound. As shown in Figure 3, the 2p3/2 peak for cobalt appears 

just above 780 eV, along with a satellite peak at about 10 eV higher. This is consistent with Co3+,48 

as expected for SrLaAl1/2Co1/2O4. 

 
Figure 3. X-ray photoelectron spectroscopy data for SrLaAl1/2Co1/2O4, showing the Co spectrum. 

 

 

 

 



Hydrogen Evolution Reaction (HER) 

We have investigated the utilization of these materials as electrocatalysts for HER. The generally 

accepted mechanism of HER in both acidic and alkaline media is a two-step process which 

involves two electron transfers.49-51 In the first step, the Volmer reaction, a hydronium ion (H3O+) 

in acidic conditions is reduced on the surface of the catalyst to form an adsorbed hydrogen (M-

H*) intermediate. The second step is either electrochemical interaction of the adsorbed hydrogen 

with another H3O+ ion to produce molecular H2, known as Heyrovsky reaction, or the combination 

of two adsorbed hydrogen atoms to give H2, known as Tafel reaction.  

(1) Volmer: M + H3O+ + e- → M-H + H2O 

(2) Heyrovsky: H3O+ + M-H + e- → H2↑ + H2O + M 

or 

(2) Tafel: 2M-H → H2↑ + 2M 

The HER in basic medium follows a similar mechanism, except the proton source is H2O instead 

of H3O+. 51 

(1) Volmer: M + H2O + e- → M-H + OH- 

(2) Heyrovsky: H2O + M-H + e- → H2↑ + OH- + M 

or 

(2) Tafel: 2M-H → H2↑ + 2M 

HER is more favorable in acidic environment than in basic medium due to the presence of a high 

concentration of protons.52 In alkaline medium, proton comes from the dissociation of water, 

which introduces an additional energy barrier. In case of acidic medium, the source of proton is 

the H3O+ ion which gives up proton easily. Therefore, the HER process is expected to be more 

facile in acidic medium.4 





We have also evaluated the relative kinetics of the HER for different catalysts. Faster reaction 

kinetics is often associated with higher electrocatalytic activity. To study the OER kinetics, Tafel 

slope is generally used, which can be obtained using Tafel equation:58, 59 

η = a + b log j 

where, overpotential and current density are denoted by η and j, respectively. The slope of the 

Tafel plot, η vs log j, is influenced by mass and electron transfer,60, 61 and indicates the reaction 

kinetics. Smaller slope corresponds to faster reaction, which indicates a small positive shift in 

potential beyond the onset potential is required to produce a large amount of current.18 

As shown in Figure 4b, the Tafel slopes of SrLaAl1/2Mn1/2O4, SrLaAl1/2Fe1/2O4, and 

SrLaAl1/2Co1/2O4 are 214 mVdec-1, 164 mVdec-1, and 142 mVdec-1, respectively. The latter 

compound shows the lowest Tafel slope and fastest reaction kinetics in the series. The value of 

Tafel slope can also indicate the rate determining step of the reaction.62 The expected Tafel slope 

values are 120 mVdec-1, 40 mVdec-1 or 30 mVdec-1, if the rate determining steps are Volmer, 

Heyrovsky or Tafel reaction, respectively.16, 18, 63 However, other values of Tafel slope are also 

possible if more than one of the three steps dictate the rate of the reaction. For example, the Tafel 

slope is found to be 166 mVdec-1 for Mo2C film, which is attributed to having two or three rate 

determining steps.63 Similarly, larger Tafel slopes indicating mixed reaction mechanism have been 

reported for Co/NBC,64 P-doped NiMoO4,65 MoS2/graphene,66 and surface-functionalized MoS2 

nanosheets.67 

Chronopotentiometry experiment for the best performing material, SrLaCo0.5Al0.5O4 shows a 

stable HER activity for at least 24 hours, as shown in the inset of Figure 4a. However, X-ray 

diffraction shows that this catalyst loses its structural integrity if the HER is done over 1000 cycles 

in acidic medium. 



Oxygen Evolution Reaction (OER) 

OER in alkaline medium is a four-electron transfer process, as given by the following steps.19, 68-

70 In the first step, a hydroxide ion is adsorbed on the catalyst, accompanied by a 1-electron 

oxidation to give M-OH. In the second step, another hydroxide ion approaches M-OH to remove 

a proton and form M-O and water, along with another 1-electron oxidation. In the third step, M-O 

is converted into a hydroperoxide intermediate M-OOH by nucleophilic attack of a hydroxide ion 

coupled with a 1-electron oxidation. Finally, M-OOH reacts with another hydroxide ion to release 

O2, water and an electron. Alternatively, a combination of two M-O intermediates could directly 

yield O2 and M.68, 70  

M + OH- → M-OH + e- 

M-OH + OH- → M-O + H2O + e- 

M-O + OH- → M-OOH + e- 

M-OOH + OH- → M + O2↑+ H2O + e- 

or 

M-O + M-O → 2M + O2↑ 

Cyclic voltammetry (CV) is used to study the electrocatalytic activities of OER catalysts. Figure 

5a shows the OER polarization curves of SrLaAl1/2Mn1/2O4, SrLaAl1/2Fe1/2O4, and 

SrLaAl1/2Co1/2O4 in 0.1 M KOH. This condition gave the best results among the acidic and basic 

conditions, which were attempted. One of the parameters used for comparison of the performance 

of different OER catalysts is the onset potential, i.e., the potential at which faradic reaction starts. 

This can be deduced from the CV, by finding the potential at which the sharp rise in current begins. 

However, as some researchers have pointed out, this may lead to some variation in interpretation 

of the data by different observers, who may assign different onset potentials to the same data.71 It 





A more important metric to compare the catalytic activities is the overpotential (potential beyond 

the ideal thermodynamic potential 1.23 V) at 10 mAcm-2, η10. In this series, two materials, 

SrLaAl1/2Mn1/2O4 and SrLaAl1/2Fe1/2O4, cannot generate enough current to reach 10 mAcm-2 in 

the potential window of these experiments. On the other hand, SrLaAl1/2Co1/2O4 shows an 

overpotential of η10 = 460 mV. The SrLaAlO4 sample (impure) was also tested, showing negligible 

activity (grey plot in Figure 5a). A comparison of the OER activity of SrLaAl1/2Co1/2O4 to some 

other materials indicates that there are other oxides such as the perovskite CaSrFeMnO6-δ (η10= 

370 mV)16 which have better performance. However, the activity of  SrLaAl1/2Co1/2O4 is close to 

that of the precious metal catalyst IrO2 (η10 = 400 mV).19 Its performance is also better than several 

reported oxide catalysts for OER, such as BSCF (η10 = 510 mV),6 La0.6Sr0.4CoO3−δ (η10 = 590 

mV),72 CoFe2O4 nanoparticles (η10 = 600 mV),73 and Ca2FeMnO6-δ (η10 = 560 mV).16 

The evaluation of the reaction kinetics was done using the Tafel plot, η vs log j. As shown in Figure 

5b, SrLaAl1/2Co1/2O4 has the smallest Tafel slope, indicating faster reaction kinetics, which is 

consistent with the best catalytic activity of SrLaAl1/2Co1/2O4 in this series.  

Chronopotentiometry experiment is done to study the stability of the best performing material, 

SrLaAl1/2Co1/2O4, which shows a stable response for at least 24 hours, as shown in the inset of 

Figure 5a. X-ray diffraction data were obtained before and after OER to evaluate the structural 

stability of SrLaAl1/2Co1/2O4. As shown in Figure 5c, SrLaAl1/2Co1/2O4 retains its structural 

integrity after 1000 cycles of OER in basic conditions. 

We have also evaluated the double layer capacitance, Cdl, which can be found from cyclic 

voltammograms in non-Faradaic region. In this region the current originates primarily from 

charge-discharge of electrical double layer, and the electrode reaction is not significant.17, 74 The 

Cdl values can be determined using the equation Cdl = javerage/ν, where javerage is the average of the 



absolute values of janodic and jcathodic from the CV at a specific potential and ν is the scan rate.75, 76 

The slope of the plot of javerage versus ν gives the value of Cdl. Some researcher have used the 

absolute value of the difference between janodic and jcathodic, ∆j, instead of javerage, and have 

determined Cdl to be equal to half of the slope.17, 58 

 
Figure 6. Cyclic voltammetry in the non-faradic region at different scan rates for (a) SrLaAl1/2Mn1/2O4, (b) 
SrLaAl1/2Fe1/2O4, and (c) SrLaAl1/2Co1/2O4. Part (d) shows javerage taken at the middle potential of 0.85 V 
plotted against the scan rate, where the slope gives the double layer capacitance. 
 

 In Figure 6d, the values of javerage at the middle potential of 0.85 V are plotted against the 

corresponding scan rates from CVs (Figures 6a-c), and the slopes show the Cdl values. The Cdl of 

SrLaAl1/2Co1/2O4 is almost double the values of the other two compounds. The significance of 

Cdl
17, 58 is its relation to the electrochemically active surface area (ECSA) through ECSA = Cdl/Cs, 





measurements indicate that the best catalyst in the series, SrLaAl1/2Co1/2O4, shows a significantly 

higher electrical conductivity compared to the other two materials, pointing to a correlation 

between electrical charge transport and electrocatalytic properties.  

 

Conclusions 

The structural and compositional flexibility makes K2NiF4-type oxides suitable candidates for 

electrocatalytic applications. Their functional properties can be varied by changing the B site 

cations. In the series SrLaAl1/2Mn1/2O4, SrLaAl1/2Fe1/2O4, and SrLaAl1/2Co1/2O4, the variation of 

the B site cation led to a modification of the electrocatalytic properties. The latter material showed 

the best electrocatalytic performance toward hydrogen-evolution reaction (HER) and oxygen 

evolution reaction (OER), as well as enhanced reaction kinetics. The enhanced electrocatalytic 

activities can be attributed to a combination of factors, including the higher electronegativity of 

Co compared to Mn and Fe, the variation in the electronic configuration, and the electrical 

conductivity. The higher electronegativity of Co results in greater bond covalency and better 

overlap between metal 3d and oxygen 2p orbitals, which ultimately facilitates the electrocatalytic 

process by reducing the charge transfer resistance. In addition, the electronic configuration of 

trivalent cobalt leads to an eg occupancy of 1. This factor, combined with the higher electrical 

conductivity of SrLaAl1/2Co1/2O4, reinforces the impact of the electronegativity, leading to the 

enhanced electrocatalytic performance of this material.  
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