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Abstract 
The impact of structural symmetry on electrical charge transport, magnetism and electrocatalytic 
activity has been investigated in isoelectronic materials Ca2LaMn2O7 and Sr2LaMn2O7. These 
oxides form the so-called Ruddlesden-Popper structure, comprising bilayer stacks of MnO6 
octahedra, where Ca/Sr/La occupy the spaces within and between the stacks. The change in ionic 
radius from Ca2+ (1.18 Å) to Sr2+ (1.31 Å) results in a change in structural symmetry in these 
systems. Ca2LaMn2O7 has an orthorhombic structure with Cmcm space group, whereas 
Sr2LaMn2O7 features a tetragonal, I4/mmm, structure. The higher symmetry results in a significant 
variation of electrical, magnetic and electrocatalytic properties. Sr2LaMn2O7 shows significantly 
greater charge transport in the entire temperature range of 25-800 °C, owing to a larger angle of 
Mn–O–Mn conduction pathway. In addition, the electrocatalytic properties of Sr2LaMn2O7 for 
hydrogen-evolution reaction (HER) and oxygen-evolution reaction (OER) are enhanced as 
compared to Ca2LaMn2O7. This is manifested in the improved overpotential for both HER and 
OER, as well as enhanced reaction kinetics. The improved OER/HER activity is also a function of 
structural features that produce greater electrical conductivity, which in turn affects the 
electrocatalytic properties. 
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Introduction 

Ruddlesden-Popper (RP) oxides are a family of materials with general formula An-1A'2BnO3n+1, 

where n = 1, 2, 3, ...  represents the number of octahedral layers. The crystal structure of RP 

materials comprises A'2O2 layers alternating with stacks of BO6 octahedra. The A-site is often 

occupied by a lanthanide, alkaline earth metal, or a mix of those, while the B-site usually contains 

a transition metal. The variation of A- and B-site metals in RP oxides can lead to changes in 

physical and chemical properties, such as crystal structure,1-3 magnetism,4-6 conductivity,7-9 and 

electrochemical catalysis.10, 11 For example, the impacts of having more than one type of A/A' 

cations and their ordering have been studied for manganese-based RP materials, where the 

stabilities and unit cell volumes are affected.1 An increase in lattice parameters has been observed 

for La3Pr1Ni3O9.65 as compared to La2Pr2Ni3O9.65.12 The former also shows higher power density 

when used as a cathode in intermediate temperature solid oxide fuel cells. 12 

Such effects have not been thoroughly studied in some other areas, such as their impact on 

electrocatalytic performance for water splitting. The electrochemical water-splitting has two half 

reactions, namely oxygen evolution reaction (OER) and the hydrogen evolution reaction (HER), 

both requiring an overpotential. However, the OER is known to be the bottleneck of water 

electrolysis due to the higher overpotential requirement.13 The benchmark catalysts to overcome 

the sluggish kinetics of OER and HER are RuO2, Ir-based catalysts and Pt, which are costly to use 

in large-scale applications. Therefore, there is considerable ongoing research on discovering 

economical catalysts for electrochemical water splitting, including various metal oxides.14-17  

Owing to their compositional diversity and the thermodynamic stability, multi-element transition 

metal oxides are promising candidates for electrocatalytic water splitting.18-21 Our group has 

recently investigated a number of oxide materials for electrocatalytic water-splitting.18-20, 22-25 In 
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particular, the relationship between crystal structure symmetry and electrocatalytic activity has 

been demonstrated. For example, the electrocatalytic activity of cubic SrMnO3 has been shown to 

be significantly better than that of hexagonal SrMnO3, highlighting the impact of crystal structure 

symmetry.26 Another example is the structural change between Sr2Mn2O6 and CaSrMn2O6, which 

are hexagonal P63/mmc and cubic Pm-3m, respectively. The OER electrocatalytic activity of the 

latter material is significantly enhanced compared to the former.27 In addition, it has been shown 

that in transition from Sr2FeCoO6−δ (disordered) to CaSrFeCoO6−δ (ordered) and 

Ca2FeCoO6−δ (highly ordered), there is a systematic enhancement of the electrocatalytic activity.28 

Some Ruddlesden-Popper oxides have been studied for this purpose, where the change in the type 

of transition metal has been used to enhance the electrocatalytic activity. For example, an improved 

performance for both OER and HER electrocatalysis was observed for Sr2LaCoMnO7 as compared 

to Sr2LaFeMnO7.29 

In the present study, we have investigated two isoelectronic Ruddlesden-Popper oxides, 

Sr2LaMn2O7 and Ca2LaMn2O7. Previous studies have reported magnetization and resistivity 

measurements for Ca2LaMn2O7
30-32 and Sr2LaMn2O7 at temperatures below 400 K.5, 33, 34 The latter 

has also been studied for CO2 conversion, oxygen reduction and electrochemical capacitance.35, 36 

However, their electrocatalytic properties for oxygen- and hydrogen-evolution reactions have not 

been studied. In this work, we have conducted a thorough investigation of electrocatalytic 

properties of Sr2LaMn2O7 and Ca2LaMn2O7 toward both components of water splitting, namely 

OER and HER. We have demonstrated the effect of the structural symmetry on electrocatalytic 

properties in these isoelectronic materials. We have also shown that these changes are associated 

with the improvement of electrical charge transport in a wide range of temperatures from 25 °C to 

800 °C. 
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2. Experimental  

2.1 Synthesis  

Sr2LaMn2O7 and Ca2LaMn2O7 were prepared by solid-state synthesis method using powders of 

CaCO3, SrCO3, La2O3, MnO2, Fe2O3 and CoO. The stoichiometric amounts of oxides/carbonates 

were mixed thoroughly using agate mortar and pestle. The mixtures were pressed into pellets and 

heated at 1300 °C in air for 24 hours. The samples were then re-ground and re-pelletized to be 

heated at 1300 °C for a total of 72 hours in air with two intermittent grindings and pelletizing. The 

heating and cooling rates of the furnace for all samples were 100 °C/hour. 

 

2.2 Characterization  

The synthesized materials were characterized using a high-resolution X-ray diffractometer with 

Cu K1 (λ = 1.54056 Å). The data were collected in the 2θ range of 10 - 80°. Rietveld refinements 

for the X-ray diffraction (XRD) data were carried out using GSAS software37 and the EXPGUI 

interface.38 The electrical conductivity measurements were conducted by two-probe direct current 

method using an applied potential of 0.01 V. Magnetic susceptibility data were obtained in the 

temperature range of 2 to 400 K with an applied magnetic field of 1000 Oe on a vibrating sample 

magnetometer. For each material, data were obtained by lowering the temperature without the 

external magnetic field (zero field cooled: ZFC) and with the external field (field cooled: FC). 

Isothermal field-run measurements were also performed in magnetic fields of 0 – 9 T. Iodometric 

titrations39 were performed to examine the oxygen stoichiometries of the two materials. 50 mg of 

the sample and excess KI (2 g) were dissolved in 100 ml of 1 M HCl, and the mixture was left to 

react overnight. Then 5 ml of the mixture was pipetted out and the iodine that had been generated 

was titrated against 0.025 M Na2S2O3. All steps of the titration were performed under argon 
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atmosphere. A volume of 0.6 ml (12 drops) of a starch solution was used as indicator near the 

endpoint of the titration. Calculations are based on the conversion of transition metal ions (Mn3+ 

and Mn4+) into Mn2+ due to the excess KI. The consumed moles of titrant (Na2S2O3) to titrate 5 ml 

of the titrand were determined based on the concentration and titration volume of Na2S2O3. The 

amount of oxygen that was lost due to the reduction of the metals is equivalent to the amount of I2 

that is titrated by Na2S2O3. The total amount of oxygen is therefore the sum of the remaining 

oxygen (to balance the charge of Mn2+) and the lost oxygen (due to reduction of Mn3+ and Mn4+ 

into Mn2+). 

 

2.3 Electrochemical OER/HER studies 

The catalyst ink of each material was prepared by mixing 35 mg of the powder sample, 7 mg of 

carbon black powder (Fuel Cell Store), 40 µL 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 then 

sonicated for 30 minutes. A glassy carbon electrode (GCE, 5 mm diameter, 0.196 cm2 area, HTW 

Germany) was used as the working electrode. Prior to use, it was cleaned using aluminum oxide 

polishing solution (Allied Hightech Products Inc.) on a polishing cloth, followed by sonication for 

2-3 minutes in ethanol (Decon Labs, Inc.). At the end of the polishing steps, the GCE was washed 

with deionized water and dried. Then 20 l of the prepared catalyst ink was drop-casted on the 

surface of the GCE by placing two coats of 10 l with a 2-minute interval. Total catalyst mass 

loading on the GCE was 0.1 mg. The GCE was then left overnight to air-dry before running the 

OER/HER electrochemical measurements.  

The electrochemical OER/HER experiments were carried out on a standard three-electrode cell 

using an electrode rotator at 1600 rpm. Commercial Ag/AgCl electrode in 1 M KCl (CH 
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instruments, Inc., TX, USA) and 4 M KCl (Pine Research instruments) were utilized as reference 

electrodes for OER and HER experiments, respectively. A platinum electrode (Pine Research 

Instruments) and a carbon electrode were used as counter electrodes for the OER and HER 

measurements, respectively. Chronopotentiometry experiments in acidic conditions for HER were 

done by loading a total of 20 µl catalyst ink on the GCE using two coats of 10 l with a 2-minute 

interval, followed by overnight air-drying. Carbon electrode was used as counter electrode in a 

three-electrode setup. Voltage was collected for 10 hours, while applying a constant current of -

1.9 mA (~ -10 mA/cm2). Chronopotentiometry experiments in alkaline conditions were done on 

two-electrode cells using nickel foam, with applied currents of 2 mA and -10 mA, for OER (0.1 

M KOH) and HER (1 M KOH), respectively. For OER, 2 mA was chosen due to the low current 

observed in the polarization curves. Each electrode consisted of 1 cm2 nickel foam, on which 100 

μl of the catalyst ink had been dropcasted with 20 μl increments, followed by overnight air-drying. 

The two electrodes, which had been separated by two layers of glass fiber filter paper, were 

attached to gold wires, which were then connected to the potentiostat. Prior to conducting the 

chronopotentiometry experiment, the two electrodes were soaked in the electrolyte for at least 12 

hours. The potential versus Ag/AgCl electrode (EAg/AgCl) was converted to be expressed against 

RHE using the equation ERHE = EAg/AgCl + 0.059 pH + E⁰Ag/AgCl, where E⁰Ag/AgCl  = 0.21 V for 3M 

KCl40 and 0.197 V for 4 M KCl.41, 42 
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3. RESULTS AND DISCUSSION 

3.1 Crystal Structure  

Rietveld refined profiles for Sr2LaMn2O7 and Ca2LaMn2O7 are shown in Figure 1 and their refined 

structural parameters are reported in Tables 1 and 2.  

 
Figure 1. Rietveld refinement profiles for powder X-ray diffraction data for (a) Ca2LaMn2O7 and 
(b) Sr2LaMn2O7. The experimental data are represented by black crosses. The red line shows the 
fit. The vertical green tick marks and the lower blue line correspond to the Bragg peak positions 
and difference plot, respectively. 
 

Table 1. Refined structural parameters of Ca2LaMn2O7 from powder X-ray diffraction data. Space 
group: Cmcm, a = 19.2814(4) Å, b = 5.4609(1) Å, c = 5.4113(1) Å, Rp = 0.0261, wRp = 0.0341 
Atom  x y z Occupancy Uiso (Å2) Multiplicity 
Ca1 0 0.248(2) 0.25 0.37(1) 0.028(3) 4 
La1 0 0.248(2) 0.25 0.63(1) 0.028(3) 4 
Ca2 0.1886(2) 0.242(2) 0.25 0.782(7) 0.052(3) 8 
La2 0.1886(2) 0.242(2) 0.25 0.218(7) 0.052(3) 8 
Mn 0.3995(3) 0.247(3) 0.25 1 0.017(3) 8 
O1 0 0.683(8) 0.25 1 0.037(4) 4 
O2 0.300(1) 0.290(5) 0.25 1 0.037(4) 8 
O3 0.096(1) 0 0 1 0.037(4) 8 
O4 
 

0.393(1) 0 0 1 0.037(4) 8 
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Table 2. Refined structural parameters of Sr2LaMn2O7 from powder X-ray diffraction data. Space 
group: I4/mmm, a = b = 3.8670(1) Å, c = 19.9814(10) Å, Rp = 0.0415, wRp = 0.0549 
Atom  x y z Occupancy Uiso (Å2) Multiplicity 
Sr1 0 0 0.5 0.60(3) 0.037(2) 2 
La1 0 0 0.5 0.40(3) 0.037(2) 2 
Sr2 0 0 0.3153(1) 0.73(3) 0.041(2) 4 
La2 0 0 0.3153(1) 0.27(3) 0.041(2) 4 
Mn 0 0 0.1007(4) 1 0.021(2) 4 
O1 0 0 0 1 0.098(4) 2 
O2 0 0 0.199(1) 1 0.098(4) 4 
O3 
 

0 0.5 0.095(1) 1 0.098(4) 8 

 
 

 
Figure 2. Crystal structure of A2LaMn2O7 (A=Ca/Sr). Green spheres represent Ca/Sr/La and red 
spheres are oxygen. The Mn atoms are shown as light blue spheres at the centers of MnO6 
octahedra. 
 

As shown in Figure 2, the crystal structures of these Ruddlesden-Popper type oxides comprise 

bilayer stacks of MnO6 octahedra, which are connected via corner-sharing. For each MnO6 

octahedron, one apical oxygen atom and four equatorial oxygens are involved in forming the 
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bilayer stack. Each MnO6 octahedron has one apical oxygen which is not shared with other 

octahedra. The La/Ca/Sr atoms are located in spaces between and within the bi-layer stacks. The 

difference in the ionic radii of Ca2+ (1.18 Å) and Sr2+ (1.31 Å for CN = 9)43 results in a change in 

structural symmetry of these isoelectronic materials. Ca2LaMn2O7
44

 crystallizes in the 

orthorhombic Cmcm space group, while Sr2LaMn2O7 
33

 has a tetragonal I4/mmm space group, 

consistent with previous reports.44,33
 The tilting and fine rotations of MnO6 octahedra in 

Ca2LaMn2O7, caused by the smaller ionic radius of Ca2+, result in anisotropic Mn-O bond distances 

with four types of oxygens as shown in Table 3.  

 
Table 3. Mn-O bond distances and Mn-O-Mn angles or Sr2LaMn2O7 and Ca2LaMn2O7  
Sr2LaMn2O7   

 
Mn–O1 2.012(8) 
Mn–O2 1.965(23) 
Mn–O3 × 4 1.9366(13) 
Average Mn–O 1.9539(15) 
  
Mn–O1–Mn 180.0(0) 
Mn–O3–Mn 173.5(13) 
Average Mn-O-Mn 176.75(9) 
  
Ca2LaMn2O7  
Mn–O1  1.970(11) 
Mn–O2 1.924(23) 
Mn–O3 × 2 1.936(12) 
Mn–O4 × 2 1.915(12) 
Average Mn–O 1.9326(14) 
  
Mn–O1–Mn 159.4(25)   
Mn–O3–Mn 174.4(16) 
Mn–O4–Mn 172.4(15) 
Average Mn–O–Mn 168.73(19) 
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The average Mn-O bond length for Ca2LaMn2O7 is shorter than that of Sr2LaMn2O7 (Table 3), 

consistent with the effect of the ionic radius in expanding the lattice of the latter material. The 

normalized unit cell volume for Ca2LaMn2O7, 284.89 Å3 (normalized by dividing the tetragonal 

unit cell volume, 569.78 Å3, by 2), is smaller than that of Sr2LaMn2O7, 298.79 Å3. The 

microstructures of the two materials were evaluated using scanning electron microscopy, as shown 

in Figure 3. As seen here, Sr2LaMn2O7 has smaller grains compared to Ca2LaMn2O7. The oxygen 

contents were confirmed using iodometric titrations, indicating 7 oxygens per unit formula unit for 

both materials.  

 

 
Figure 3. Scanning electron microscopy images of (a) Ca2LaMn2O7 and (b) Sr2LaMn2O7. 
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3.2 Electrical Conductivity 

The electrical properties of these materials were investigated in the temperature range 25-800 oC. 

The following equation was used to calculate conductivities using the measured resistance (R) 

values at a given constant voltage.45 

                                                                             𝜎 = 𝐿/𝑅𝐴                                                                 (1) 

In the above equation, σ is the conductivity, L is the thickness of the cylindrical pellet, and A is 

the cross-sectional area calculated using A= πr2, where r is the radius of the pellet. The electrical 

conductivity variation as a function of temperature is illustrated in Figure 4a. The conductivity of 

both materials increases as a function of temperature up to 400 oC for Sr2LaMn2O7 and 500 oC for 

Ca2LaMn2O7, which is a typical behavior of semiconductors. However, beyond those 

temperatures, a transition occurs where the electrical conductivity decreases as a function of 

temperature, which is a characteristic metallic behavior. Sr2LaMn2O7 shows higher conductivity 

than Ca2LaMn2O7 through the entire temperature range, indicating the impact of structural 

properties on conductivity. Generally, the hetero-valency of the B-site cation is important for 

electrical conduction in oxides. In Ruddlesden-Popper oxides, the B-site cations are usually 

transition metals. The overlap of the 3d orbitals of transition metals with the 2p orbitals of oxygen 

facilitates the conduction via B-O-B pathways using electrons or holes. Greater metal overlap 

between these orbitals can be achieved by shorter B-O bonds and larger B-O-B angles to enhance 

the electrical conductivity.46 In the case of materials studied in this work, the type of transition 

metal is the same in both compounds. Therefore, the effects of structural distortions and bond 

angles becomes prominent. The average Mn-O-Mn bond angles in Sr2LaMn2O7 is closer to 180° 

degrees (Table 3), hence providing an improved orbital overlap and enhanced conduction through 

the Mn-O-Mn pathway. This is a consequence of the more symmetrical structure of Sr2LaMn2O7 
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(tetragonal) as opposed to that of Ca2LaMn2O7 (orthorhombic), which contains more distortions 

due to the smaller ionic radius of calcium.  

 

 
Figure 4. (a) Electrical conductivity variation as a function of temperature. (b) Arrhenius plots for 
determination of the activation energies (Ea) for the temperature-activated increase in conductivity, 
giving Ea = 0.0877 (25-500 °C) for Sr2LaMn2O7 and Ea = 0.0898 (25-400 °C) for Ca2LaMn2O7. 
 

The activation energy associated with the thermally activated increase in conductivity47 can be 

calculated using the Arrhenius equation shown below, where 𝜎, 𝜎0, T, 𝐸𝑎, and KB represent the 

conductivity, pre-exponential factor, temperature, activation energy, and Boltzmann constant, 

respectively. 

                                                                   𝜎𝑇 = 𝜎0𝑒
− 

𝐸𝑎
2.303 𝐾𝐵𝑇                                                  (2) 

The Arrhenius plots for the two materials are shown in Figure 4b. The activation energies 

calculated using the Arrhenius plots (log σT vs 1000/T) show similar activation energies for both 

compounds in the range 25 – 400 °C. This indicates that the rate of increase in electrical 

conductivity as a function of temperature is similar in the two materials.  
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3.3 Magnetic Properties 

Structural changes also have a notable impact on magnetic properties. Magnetic susceptibility () 

measurements were carried out in the temperature range 2 K – 400 K. As shown in Figure 5a, there 

is a sharp increase in susceptibility for Ca2LaMn2O7, as the temperature is lowered below ~280 K, 

indicative of ferromagnetic interactions, similar to the behavior observed in a previous study.44 

The isothermal magnetization versus field data at 300 K shows a linear increase as a function of 

field, a typical paramagnetic behavior. However, the isothermal magnetization at 5 K shows a 

sharp increase at low field, but saturation is not reached up to 9 T. A small hysteresis is also present 

in the isothermal magnetization data at 5 K, consistent with a weak ferromagnetic behavior.  

 
Figure 5. (a) and (b) show zero-field-cooled (ZFC) and field-cooled (FC) magnetic susceptibility 
data. (c) and (d) show the isothermal magnetization data as a function of magnetic field. The lines 
are guide to the eye.  
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The magnetic susceptibility and isothermal field sweep data for Sr2LaMn2O7 show a different 

behavior. As demonstrated in Figure 5b, the data for Sr2LaMn2O7 shows a rise in the susceptibility 

value below 350 K. Further decrease in temperature leads to a transition below ~220 K. The 

isothermal magnetization versus field data at 5 K show an initial sharp increase in magnetization, 

followed by a more modest rise as a function of the field, without reaching saturation in the range 

of 0 – 9 T. Taken together, the variable temperature susceptibility and isothermal magnetization 

data indicate competing ferro- and antiferromagnetic behaviors for Sr2LaMn2O7, consistent with a 

previous report.48 The isothermal magnetization at 300 K shows a sharp increase up to ~0.5 T, 

followed by a linear rise with a smaller slope at higher fields. This confirms that ferromagnetic 

interactions are present at room temperature as well.  

 

3.4 Electrocatalytic Properties for OER and HER 

An important impact of the change in the structure is observed in the electrocatalytic properties 

toward both half reactions of water-splitting, i.e., oxygen evolution reaction (OER) and hydrogen 

evolution reaction (HER). The electrocatalytic activities for OER in 0.1 M KOH are shown in 

Figure 6. Measurements in other conditions, such as 1M KOH and 0.1 M HClO4, led to rapid 

deterioration of the current response. While both materials show low activity and a low current, 

the effect of structural change is clear. Sr2LaMn2O7, which has a higher symmetry, shows better 

performance, evident from lower onset potential, where the electrocatalytic reaction begins and 

the polarization curve deviates from a horizontal line to show an increase in current response. In 

addition, the current generated using Sr2LaMn2O7 at the same potential is greater than that of 

Ca2LaMn2O7. Furthermore, Sr2LaMn2O7 shows better reaction kinetics, evaluated using the Tafel 

equation 𝜂 = 𝑎 + 𝑏 𝑙𝑜𝑔𝑗, where η is the overpotential and j is the current density.18, 47 The slope 
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of the plot of η versus log j, i.e., Tafel slope (Figure 6b), is indicative of the reaction kinetics and 

is affected by electron and mass transport. In general, lower Tafel slopes show better kinetics of 

the OER reaction. As shown in Figure 6b, the Tafel slope for Sr2LaMn2O7 is smaller than that of 

Ca2LaMn2O7, consistent with better kinetics and higher electrocatalytic activity of the former 

material.  

 
Figure 6. OER activity in 0.1 M KOH for Sr2LaMn2O7 (red) and Ca2LaMn2O7 (green): (a) 
Polarization curves, (b) Tafel plots and (c) Chronopotentiometry response of Sr2LaMn2O7.  
 

The electrocatalytic properties for HER show a greater current response, especially in acidic 

condition, 0.5 M H2SO4. Figure 7a shows the polarization curves of the two materials, where 

Sr2LaMn2O7 gives a lower onset potential than Ca2LaMn2O7. In addition, the overpotential at 10 

mA/cm2 (ƞ10) is commonly used as a reference for comparing different electrocatalysts. Again, 
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Sr2LaMn2O7 (ƞ10 = 0.589 V) shows a lower overpotential than Ca2LaMn2O7 (ƞ10 = 0.595 V). 

Although the performance of these materials is not as high as Pt/C49, 50  (shown in black in Figure 

7a) or some other oxide catalysts such as CaSrFe0.75Co0.75Mn0.5O6−δ,22 they show a better 

performance than some reported HER electrocatalysts such as WO3 (ƞ10 = 0.637 V)51 and TiO2-x 

(ƞ10 = 0.630 V).52 

 

 
 
Figure 7. (a) HER polarization curves in 0.5 M H2SO4 for Ca2LaMn2O7 (green) and Sr2LaMn2O7 
(red). (b) Tafel plots and Tafel slopes. (c) Chronopotentiometry data for Sr2LaMn2O7.  
 

Figure 7b shows the Tafel plots for HER, where Sr2LaMn2O7 has a smaller Tafel slope than 

Ca2LaMn2O7, indicating faster reaction kinetics for the former material. This is in line with the 
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higher HER activity of Sr2LaMn2O7, which also shows a sustained response for at least 10 hours, 

as demonstrated by chronopotentiometry data in Figure 7c. 

HER experiments were also done in alkaline conditions, as shown in Figures S7 and S8, indicating 

higher overpotentials. However, the catalysts have better stability in alkaline conditions. Even 

though the catalysts are able to catalyze the HER in acidic condition, we have found the catalytic 

material is partially decomposed under those conditions. However, at least some portion of the 

catalyst remains intact to give a stable current response for 10 hours in chronopotentiometry 

experiments. As demonstrated by X-ray diffraction experiments before and after 500 cycles, the 

main peaks corresponding to our catalyst are still present after 500 cycles, but there is evidence of 

gradual decomposition of the material in acidic conditions, indicated by the appearance of new 

peaks (Figure S2). On the other hand, in alkaline conditions, X-ray diffraction experiments before 

and after 500 cycles show that the material remains intact and retains its structural integrity, with 

no new peaks appearing in the diffraction data after 500 cycles (Figure S3). 

The double layer capacitance values, Cdl,53 were also obtained for both materials using cyclic 

voltammetry in the non-Faradaic region (Figures S5a and b), where the current stems from 

electrical double layer charge and discharge. The average of janodic and jcathodic at the middle 

potential of the cyclic voltammetry data (javerage) is plotted against the scan rate ν based on the 

equation Cdl = javerage/ν. Therefore, the Cdl value is obtained from the slope of the javerage vs ν plot.22, 

54 As shown in Figure S5, the Cdl value for Sr2LaMn2O7 is greater than that of Ca2LaMn2O7. The 

importance of Cdl is that it is proportional to the electrochemically active surface area.19, 23, 55  

The enhanced electrocatalytic activity of Sr2LaMn2O7 may be understood in the context of its 

structural features. The HER process involves the adsorption of hydrogen atoms on the catalyst 

surface as intermediate species before forming hydrogen molecules.56 Various descriptors have 
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been proposed to explain the HER activities of different catalysts. Among them, some are related 

to structural features, where the HER performance is correlated with the bond length between the 

transition metal and the non-metal anion.10, 57 Some researchers have proposed that longer 

distances between the metal and non-metal sites allow for greater electron localization on the non-

metal site, favoring the adsorption of hydrogen and final transformation into hydrogen 

molecules.57 As shown in Table 3, the average Mn-O bond length for Sr2LaMn2O7 is greater than 

that of Ca2LaMn2O7, which is consistent with the above descriptor, relating the HER activity to 

bond length. In addition, the average Mn–O–Mn bond angle for Sr2LaMn2O7 is larger, leading to 

a better alignment of metal d and oxygen p orbitals and higher electrical conductivity. Given that 

HER is an electron transfer process, the enhanced electrical charge transport of Sr2LaMn2O7 can 

also contribute to its greater electrocatalytic performance.  

 

Conclusions 

The structural symmetry has an important impact on electrical charge transport, magnetism and 

electrocatalytic activity, as demonstrated for isoelectronic oxides Ca2LaMn2O7 and Sr2LaMn2O7. 

The higher symmetry of the latter leads to enhanced electrical conductivity and greater 

electrocatalytic performance for both half-reactions of water-splitting, i.e., HER and OER. 

Sr2LaMn2O7 shows lower onset and overpotentials for these electrocatalytic processes, as well as 

better reaction kinetics. The improved activity of this material may be related to longer bond 

distances, which are proposed to correlate with electrocatalytic performance. In addition, greater 

bond angles lead to enhanced electrical conductivity, which in turn can have a positive impact on 

electrocatalytic properties, which involve the transfer of electrons.  
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