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ABSTRACT： Oxygen evolution reaction (OER) plays an important role in various renewable 

energy systems. Owing to its complex four-electron redox process, the OER process with 

sluggish kinetics often requires electrocatalysts to reduce the overpotential and promote the 

reaction rate. Herein, we have proposed an “all-in-one” strategy to synthesize mutil-elemental 

perovskite oxides nanofibers (NFs) with hollow and porous structures by using electrospinning 

technology and Ostwald ripening approach. The hollow La0.7Sr0.3Co0.25Mn0.75O3 nanofibers 

(LSCM NFs) consist of large amounts of building block La0.7Sr0.3Co0.25Mn0.75O3 nanoparticles 

(LSCM NPs), forming the unique architecture and the morphologies can be engineering by 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

 

2

adjusting the calcination temperatures and the heating rates. Notably, the hollow LSCM NFs 

prepared at 800 oC and 10 oC min-1 demonstrated the excellent electrocatalytic performance, with 

overpotential of 340 mV at current density of 10 mA cm-2 and Tafel slope of 111 mV dec-1, as 

well as the long-term stability in alkaline electrolyte. The hollow NFs architectures exhibited a 

large specific surface area, a high porosity and a large inner space, which are beneficial for the 

OER, reducing the overpotentials and accelerating the electrode kinetics. 

1. Introduction 

Energy shortage and environmental pollution have become two serious issues due to the 

overuse of fossil fuels. In recent years, more and more efforts have been devoted to develop the 

sustainable and clean energy, aiming to replace the fossil fuels [1-3]. Hydrogen energy is a 

desirable and alternative energy with three important merits: high heat of combustion, non-

pollution and abundant resources. Hydrogen energy can be obtained from water through the 

electrocatalysis or the photocatalysis approaches [4-9]. Electrocatalytic water splitting is 

considered as a remarkable technique to produce hydrogen and the electrolysis of water involves 

double half-reaction: hydrogen evolution reaction (HER, 2H2O → H2 +2OH- - 4e-) and oxygen 

evolution reaction (OER, 2H2O → O2 + 4H+ + 4e-) [10-13]. More importantly, the OER process 

combining four-electron transfer with sluggish kinetics is the pivotal step for hydrogen 

generation. In addition, in the process of alkaline water electrolysis, the anodic anode usually 

requires high activation overpotential [14,15]. Nowadays, the state-of-the-art electrocatalyst for 

OER are iridium or ruthenium oxide (IrO2 or RuO2), and however, the large-scale applications 

were hindered due to their high-cost and scarcity [16,17]. Therefore, it is imperative to exploit 

advanced and earth-abundant OER catalysts with high activity and stability to significantly 

decrease the overpotential for OER, further improving the efficiency of water splitting [18-20]. 
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Over the past few years, the earth-abundant transition metal oxides such as MnO2[21], Co3O4 

[22-25], NiCo2O4 [25-27], MnCo2O4 [28-30] are regard as potential OER catalysts owning to 

their structural stability, resistance to electrolytic corrosion and high activity. Currently, it is 

reported that the perovskite oxides are attractive catalysts for oxygen related reactions owing to 

their high OH- adsorption capability and good O2- transfer abilities. The general formula of the 

perovskite structure is ABO3. A-site represents the alkali metal ions, alkaline earth metal ions or 

rare earth metal ions while B-site represents the transition metal ions [31,32]. The stoichiometry 

of oxygen in the perovskite crystal structure is usually different from the nominal value 3 of the 

formula ABO3. In the previous reported, the bulk perovskite oxides represent certain catalytic 

activity due to their high ionic, electronic conductivities and structural stabilities. Chen et al. 

have introduced investigation of the OER mechanism of perovskite oxides by ab initio analysis 

based on well-defined model systems of LaMnO3 (LMO), LaCoO3 (LCO), and La0.5Sr0.5CoO3 

(LSCO). In addition, they have systematically conducted electrochemical experiments from 

which we have observed an increasing trend in the OER activity in the order of LSCO > LCO > 

LMO in the alkaline medium [33]. The catalytic activity of these bulk perovskite oxides could be 

further enhanced by decreasing their particles sizes via ball milling or developing novel pore 

structures. For example, Shao et al. have enhanced performance of Ba0.5Sr0.5Co0.8Fe0.2O3-δ 

(BSCF) for the OER with intrinsic activity that is significantly higher than that of the benchmark 

IrO2. And their low specific surface area is the main obstacle to realizing a high mass-specific 

activity that is required to be competitive against the state-of-the-art precious metal-based 

catalysts [34]. But the strategy for controlling the structure of the complex perovskite with 

various metal ions is scarce [35-40]. Exploiting hollow nanostructure with large specific surface 

area can provide a higher density of surface-exposed active sites and defect-rich porous structure 
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to improve the mobility and diffusion of the charges [41-44]. However, it remains challenges to 

develop a simple and direct method to obtain hollow perovskite NFs with controllable 

nanostructures. 

Herein, we reported a facile strategy for the synthesis of multi-element hollow perovskite 

oxides NFs with controllable tubular structure and morphology by combining the electrospinning 

technology and Ostwald ripening approach. Inorganic oxides hollow nanofibers are acquired by 

combining the electrospinning technique and Ostwald ripening approach in the previous reports, 

which might be owing to the competition between the evaporation rate and the process of phase 

separation. It should be noted that this kind of the hollow nanofibers can be further tuned by 

changing the heating treatment conditions [30,45]. The multi-element LSCM NFs consist of 

large amounts of building block NPs, forming the unique architectures. The building block NPs 

can be adjusted by changing the calcination temperatures and the heating rates, further 

determining the tubular structures. It is indicated that higher temperatures and faster heating rates 

both result in the enlarger of building block NPs, leading to the shrinkage in tubular diameter. 

The OER performance in correlation with the hollow LSCM NFs with different morphologies 

and structures has been investigated. The LSCM NFs prepared at 800 oC with heating rate of 10 

oC min-1 exhibits the excellent OER activity with overpotential of 340 mV (10 mA cm-2) and 

Tafel slope of 111 mV dec-1. The results demonstrate that the perovskite oxides LSCM NFs are 

promising electrocatalysts for OER. 

2. Experimental Methods 

2.1 Chemicals and Materials 

Lanthanum nitrate hexahydrate (LaN3O9·6H2O, 99.9 %), strontium acetate (C4H6O4Sr, AR, 

99.0 %), cobalt nitrate hexahydrate (Co(NO3)2·6H2O, AR, 99.0 %), manganese acetate 
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tetrahydrate (MnC4H6O4·4H2O, AR, 99.0 %) and polyvinylpyrrolidone (PVP, (C6H9NO)n, Mw≈

1.3×106) were commercially available from Shanghai Aladdin Biochemical Technology Co., 

Ltd. Ethanol (C2H6O, 99.7 %) were purchased from Hangzhou Gaojing Fine Chemical Industry 

Co., Ltd. All of the chemicals were used without further purification. Deionized water (DIW, 

18.2 MΩ ) was used for all solution preparations. 

2.2 Preparation of the LaSrCoMn/PVP nanofibers (LSCM/PVP NFs) 

Briefly, 0.285 g LaN3O9·6H2O, 0.285 g C4H6O4Sr, 0.285 g Co(NO3)2·6H2O and 0.285 g 

MnC4H6O4·4H2O was added into 2 mL DIW to get a homogeneous solution. Then, 3 g PVP 

powder, 13.5 mL DIW and 13.5 mL ethanol were mixed into the above solution and magnetic 

stirred for 24 h to get a homogenous solution. The precursor solution was transferred into a 

syringe with a stainless copper needle at the tip. The needle was connected to a high voltage 

power supply. The applied voltage was 12 kV. The distance between needle and collector was 12 

cm. The flow rate of the solution was 0.6 mL/h. All experiments were performed at room 

temperature. 

2.3 Preparation for the hollow LSCM NFs 

The as-collected LSCM/PVP NFs were placed in a ceramic boat and calcined into a home-built 

furnace with different temperatures (400 oC-1000 oC) in air at a rate of 2 oC min-1 and maintained 

for 3 h. Then the samples were cooled to room temperature. In addition, the structures and 

morphologies of the LSCM NFs obtained at different heating rates were also investigated. 

2.4 Materials Characterization 

The morphologies and structure of the as-prepared were determined by using the field-

emission scanning electron microscopy (FE-SEM, JSM-6700F, JEOL, Japan) at an acceleration 

voltage of 3 kV, transmission electron microscopy (TEM, JSM-2100, JEOL, Japan) at an 
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acceleration voltage of 200 kV, high-angle annular dark-field scanning transmission electron 

microscopy (HAADF-STEM, Tecnai G2F30S-Twin, Philips-FEI) at an acceleration voltage of 

300 kV. The chemical states and the structure of the LSCM NFs were analyzed by X-ray 

diffraction (XRD) and X-ray photoelectron spectrometry (XPS). The XRD patterns were 

recorded using a Breker AXSD8 DISCOVER X-ray diffraction with Cu Kα radiation (λ = 1.5406 

Å, scanning rate is 0.022 θ s-1 and 2 θ range is 10-80 o). The X-ray photoelectron spectra were 

analyzed by Kratos Axis Ultra DLD X-ray photoelectron spectrometry at 15 kV and 10 mA with 

an Al (momo) Kα source (1486.6 eV). The fourier transform infrared spectrometer spectra were 

tested by Fourier transform infrared spectrometer (FT-IR, Nicolet 5700). Thermogravimetric 

Analysis-Differential Thermal Analysis-Differential Scanning Calorimetry (TG-DTA-DSC, 

Labsys Evo) were used to get the TG curve measured from room temperature to 1000 oC in the 

air.  

2.5 Electrode Preparation 

The nickel foam needs pre-treatment, soaking in the hydrochloric acid solution with the 

concentration of 24 % for 3 h and washing with the DIW until neutral. The as-prepared LSCM 

NFs were mixed with acetylene black and polyvinylidene fluoride (PVDF) in the weight ratio of 

80 %, 10 % and 10 %, respectively. Then a few drops of ethanol were added to form a 

suspension. Subsequently, the slurry was pressed onto nickel foam (Ni Foam) as working 

electrodes and dried under vacuum at 60 oC for 12 h before test. 

2.6 Electrode Preparation 

All amperometric experiments were measured with a conventional three-electrode system in 1 

M KOH, and the nickel foam (Ni Foam) coating with the as-prepared catalysts were used as the 

working electrode, a platinum net and a saturated calomel electrode served as the auxiliary 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

 

7

electrode and the reference electrode. The polarization curves of the fabricated electrodes were 

carried out via CHI660C electrochemical workstation (Shanghai Chenhua Instrument Company, 

China) with a scan rate of 2 mV s-1. The OER activity was recorded by linear sweep voltammetry 

at a scan rate of 2 mV s-1 and the stability of the product were record by time-dependent current 

density for 10 h. Unless stated otherwise, the potential values were standardized with the 

reversible hydrogen electrode (RHE) using the following equation: E(RHE)=E(SCE)+1.07 V. To 

bubble away the surface contaminants and stabilize the working electrode, the fabricated 

electrodes should be preprocessed under a continuous Ar flow via cyclic voltammetry for at least 

400 cycles. 

3. Results and discussion 

In a typical approach, the prepared PVP NFs containing the La, Sr, Co and Mn salt 

(LSCM/PVP NFs) were firstly prepared through the electrospinning technology. As shown in 

Fig. S1. The LSCM/PVP NFs exhibit distinct fibrous morphology with smooth surfaces and the 

nanofiber diameters range from 300 to 500 nm. After calcination in air for 3 h, the pre-formed 

LSCM/PVP NFs were converted into LSCM NFs with unique hollow and porous structures. As 

illustrated in Fig. 1a, the inside tube diameters of LSCM NFs range from 100-200 nm and the 

LSCM NFs range from hundreds of nanometers to dozens of micrometers in the length. And the 

specific surface area of the LSCM is calculated to be about 36.64 m2 g-1 (Fig. S2) via Brunauer-

Emmett-Teller (BET) method, which is larger than the present report perovskite materials 

[45,46]. Fig. 1b indicates that the LSCM NFs possess rough surfaces and porous structures. 

Large amounts of the small LSCM NPs served as building blocks and connected with each NPs 

to form the whole hollow LSCM NFs. The diameter of the LSCM NPs is about 20 ± 4 nm (inset 

in Fig. 1b), and the porous structures are beneficial for exposing active sites, which improving 
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the high OER activity. Fig. 2c displays the high-resolution transmission electron microscopy 

(HRTEM) image of the LSCM NPs and it indicates the visible interplanar spacing of 3.8 Å and 

2.7 Å, corresponding to (012) and (110) planes of La0.7Sr0.3Co0.25Mn0.75O3 NPs. And the results 

of TEM-EDS indicate that the LSCM have a formula of La0.7Sr0.3Co0.25Mn0.75O3 (Fig. S3). The 

selected area electron diffraction (SAED) pattern (inset in Fig. 1c) exhibits the regular 

polycrystalline ring corresponding to the (024), (030) and (134) planes of the 

La0.7Sr0.3Co0.25Mn0.75O3 NPs. Fig. 1d exhibits the line-scan EDX spectra of the cross section of 

LSCM NFs, and it is indicated that the La, Sr, Co, Mn and O signals were mainly centered at the 

edges of NFs, which are stronger than those in the inner NFs, confirming the formation of hollow 

structure. The STEM-EDS (Fig. 1g-k) mapping images of LSCM NFs display the well 

distribution of La, Sr, Co, Mn and O elements, further suggesting the successfully fabrication of 

“all-in-one” multi-element perovskite oxides. 

X-ray photoelectrotron spectroscopy (XPS) was used to further investigate the chemical states 

of LSCM NFs (Fig. 2). The La 3d XPS spectrum of LSCM NFs exhibits two distinct peaks 

located at 833.8 and 837.9 eV, corresponding to the La 3d5/2 and its shake-up satellite 

respectively, which has concluded the predominant state of La (III) in the complex oxide (Fig. 2a) 

[46,48,49]. The Sr 3d XPS spectrum displays two significantly peaks located at 133.6 and 132.0 

eV, which are attributed to the Sr 3d5/2 of the Sr2+ (Fig. 2b) [46,50-52]. As illustrated in Fig. 2c, 

the characteristic peaks located at 795.8 and 780.5 eV can be assigned to Co 2p3/2 and Co 2p1/2, 

confirming the presence of Co2+ ions. The satellite peaks and the other peak located at 789.1 eV 

belong to the trivalent Co ions [30,53]. For Mn 2p XPS spectra (Fig. 2d), there are three pairs of 

peaks for Mn 2p3/2 and Mn 2p1/2. The first pair of peaks are located at 652.7 and 641.4 eV, 

corresponding to the Mn 2p3/2 and Mn 2p1/2 of Mn2+. The peaks located at 653.8 and 643.9 eV 
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correspond to Mn 2p3/2 and Mn 2p1/2, revealing that the surface Mn species exhibit 

approximately 3.0+ in the oxidation state. Besides, the peaks located at 655.3 and 642.4 eV relate 

to the Mn 2p3/2 and Mn 2p1/2 of Mn4+ [30,54]. Fig. 2e indicates the O 1s XPS spectra, and the 

peaks located at 532.6 and 531.2 eV correspond to the residual oxygen containing group and the 

hydroxyl groups or the surface adsorbed oxygen. The peak with binding energy of 529.0 eV 

belongs to the lattice oxygen species [55,56]. The XPS results indicate the successfully 

fabrication of “all-in-one” multi-element perovskite oxides hollow nanofibers. X-Ray diffraction 

(XRD) pattern was used to investigate the crystal structures of the hollow LSCM NFs (Fig. 2f). 

The hollow LSCM NFs exhibit a series of characteristic peaks located at 22.9 o, 32.5 o, 40.2 o, 

46.9 o, 52.7 o, 58.1 o, 68.8 o and 77.9 o, respectively, corresponding to the (012), (100), (202), 

(024), (122), (030), (208) and (134) planes of the La0.7Sr0.3Co0.25Mn0.75O3 phase (JCPDS 51-

0408). 

The hollow and porous structures of LSCM NFs are important factors for the OER catalysis, 

and therefore, we further investigated the thermo-dependent morphology evolutions controlled 

by the calcination temperatures and heating rates. The LSCM NFs prepared at 400, 600, 800 and 

1000 oC are denoted as LSCM-400, LSCM-600, LSCM-800 and LSCM-1000, respectively. As 

shown in Fig. 3, with the increased temperatures from 400 to 1000 oC, the LSCM NFs remain the 

hollow structures. However, the tubular diameters significantly decrease from 50 ± 5 nm to 10 ± 

5 nm, and in addition, higher temperature lead to the decrease in the length of LSCM NFs. At 

1000 oC, the as-prepared LSCM-1000 NFs exhibit the fractures of the fibrous structure. As 

shown in Fig. 3a and 3b, the building block LSCM NPs exhibit small sizes and larger amounts of 

the NPs densely assembled together to form the hollow LSCM NFs. 
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With increased temperatures to 600 oC, as shown in Fig. 3c and 3d, the LSCM NPs become 

relative larger with the decrease in the tubular diameter. Form Fig. 3e and 3f, at 800 oC, due to 

the larger sizes of LSCM NPs, there were larger amounts of pores throughout the NFs, and the 

boundaries of the NPs are clearly. The hollow and porous structure can expose more active site 

for the OER and increase the contact area between the catalyst and electrolyte, which is 

beneficial for promoting the OER process. The increased sizes of the NPs lead to the formation 

of pores on the surfaces of NFs due to the aggregated NPs side by side. With further increased to 

1000 oC, as shown in Fig. 3g and 3h, more and more NPs were merged and the hollow and 

porous structure can not be maintained. 

The above results display morphology evolutions of the LSCM NFs with different calcination 

temperature at the same heating rate (2 oC min-1). Calcination temperature affected the hollow 

structure, tubular diameters and sizes of building block LSCM NPs. We further investigated the 

effects of heating rate on the hollow structure and morphologies. Fig. 4 indicated the LSCM NFs 

prepared at 800 oC with various heating rates from 2 to 20 oC/min. As shown in Fig. 4a and 4b, 

the LSCM-2 exhibits a typical hollow fiber structure with larger amounts of pores on surfaces. 

With increased heating rates to 5 and 10 oC/min (Fig. 4c-4f), the sizes of the LSCM NPs further 

increased and the surfaces of the NFs became relative rougher. When the heating rate is 20 oC 

min-1, the LSCM NFs exhibit sharp contraction with gully-like surfaces and the tubular structures 

were not obviously as shown in Fig. 4g and 4h. The building block LSCM NPs tend to coalesce 

with surrounding NPs to form irregular NPs with larger sizes, resulting in the significantly 

decrease in tubular diameters and specific surface area. 

We further investigate the effects of various temperatures and heating rates on the structures 

and morphologies of LSCM NFs by XRD characterization. Fig. 5a displays the LSCM NFs 
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prepared at different temperatures with the range from 400 to 1000 oC. Fig. 5b exhibits the 

LSCM NFs prepared at various heating rates ranged from 2 to 20 oC/min. Both LSCM NFs only 

exhibit distinct characterized peaks for La0.7Sr0.3Co0.25Mn0.75O3 crystal phase (JCPDS 51-0408), 

confirming the successful formation of pure phase La0.7Sr0.3Co0.25Mn0.75O3. In addition, the 

temperatures and heating rates did not affect the crystal phase of the La0.7Sr0.3Co0.25Mn0.75O3. 

The 2θ degree changes for different samples are summarized in Table S1 and S2. The 

thermogravimetry (TG) curves indicate that after 400 oC, there were no obvious changes in the 

weight, further demonstrate the temperature did not affect the crystal phases (Fig. S4).  

Unlike with the previous reported perovskite oxides prepared by combining sol-gel and 

calcination process, the “all-in-one” strategy is facile to synthesize multi-elemental hollow 

perovskite oxides NFs with controllable tubular structure and morphology by combining the 

electrospinning technology and Oswald ripen. The growth process of the hollow LSCM 

perovskite nanofibers is illustrated in Fig. 6, including the formation process of the porous and 

hollow structure. Generally, Ostwald ripening involves the initial formation of small crystals and 

the subsequent growth of bigger crystals at the expense of smaller crystals due to the energy 

difference among them. Consequently, when the larger crystals grow, the area around them is 

depleted of smaller crystals. In this work, the electrospun precursor fibers are uniform in radial 

direction and have a smooth surface. In the pre-treated electrospun precursor fibers structure, 

metallic ions show a decreasing concentration gradient from its surface to the center. When they 

are applied by the high-temperature heat treatment, LaSrCoMnO crystals would favorably be 

formed in the outer part prior to in the inner one. With the lower temperature, the multi-

elemental ions indicate a decreasing concentration gradient from the surface to the center of 

nanofibers, and a phase transform from metal ions to LSCM perovskite NPs on the surface of the 
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nanofiber. During the further high temperature heat treatment process, the LSCM perovskite NPs 

tend to increase the crystallinity and the NPs stacked together to form a hollow structure with 

abundant pores due to the Ostwald ripen. Therefore, an interior space can be created between the 

NPs with accurately temperature control, and the architecture and morphologies of the hollow 

LSCM perovskite NFs can be also engineered. As a result, an interior space is created within the 

fibers and hollow tubular structures are available. 

The multi-elemental hollow LSCM NFs can be used as efficient OER electrocatalysts. To 

make a thorough inquiry of the catalytic properties of the sample with different prepared 

conditions, the electrochemical performance for the OER activity were collected in a 1 M KOH 

solution by using a typical three-electrode system, as well as of pure Ni foam as supported 

electrode. Obviously, linear sweep voltammetry (LSV) measurements display that the LSCM-

800 expresses the lowest onset potential (≈ 1.59 V) with respect to a reversible hydrogen 

electrode (RHE) among the various perovskite oxides prepared at other temperatures (Fig. 7a). 

We calculated the overpotentials (η10) at 10 mA cm-2 (Fig. 7b) and the current density at 

overpotential of 420 mV (Fig. 7c) to compare the catalytic performance. The overpotentials (η10) 

at 10 mA cm-2 for Ni foam, LSCM-400, LSCM-600, LSCM-800 and LSCM-1000 are 450, 440, 

430, 400, 420 mV, respectively (Fig. 7b). The current densities at overpotential of 420 mV for Ni 

foam, LSCM-400, LSCM-600, LSCM-800 and LSCM-1000 are 6, 8, 7, 13 and 8 mA cm-2, 

respectively (Fig. 7c). Both results indicate the high OER activity of LSCM-800. With the 

beneficial of the hollow and porous NFs structure, the LSCM NFs electrocatalysts can magnify 

the possibility of the catalytic sites and accelerate the contact surface between catalyst and 

electrolyte. 
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As for the perovskite NFs prepared at 800 oC with different heating rates, the LSV curves were 

shown in Fig. 7d, the pure Ni foam was used as control. The LSCM-10 hollow perovskite with 

exhibit the highest catalytic activity with a low onset potential of 1.54 V vs RHE, this value is 

comparable to that of commercial IrO2 catalyst (≈ 1.47 V vs RHE) [37,39]. The details of the 

electrochemistry performance were showed in Fig. 6e and 6f. The overpotentials (η10) at 10 mA 

cm-2 for Ni foam, LSCM-2, LSCM-5, LSCM-10, LSCM-20 are 400, 360, 340, 420, 450 mV (Fig. 

7e). The current density at overpotential of 420 mV for Ni foam, LSCM-2, LSCM-5, LSCM-10, 

LSCM-20 are 13, 26, 36, 9 and 6 mA cm-2 (Fig. 7f). Therefore, LSCM-10 catalyst manifested the 

higher activity than pure Ni foam and other perovskite oxides prepared with different 

temperatures and heating rates. Finally, the LSCM-10 perovskite showed good OH- adsorption, 

as observed by FT-IR spectroscopy (Fig. S5). A broad IR band centered at approximately 3460 

cm-1 corresponding to H-bonded OH stretching vibrations [57,58]. The electrochemical 

parameters of the LSCM sample prepared at different conditions and Ni foam are arrangement in 

the Table 1. 

It is very important to investigate the stability of the catalysts for the practical applications. 

From the time-dependent current density of LSCM-10 and IrO2(Fig. 7g), it is indicated that the 

current density of the as-prepared LSCM perovskite remains more stable in the long-term 

electrochemical process for 10 h than IrO2, and only shows a decrease of 10 % in the current 

density. The inset in Fig. 7g is the photograph of the three electrodes working system, and the 

surface of the working electrode displays a mass of O2 bubble during the stability test. To 

evaluate the catalysts prepared with different conditions durability in alkaline environments, 

potentiostatic electrolysis cycling was performed at 1.67 vs. RHE for 10 h. As shown in Fig. S6, 

the result showed that the hollow LSCM NFs exhibit excellent stability and the LSCM-10 
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display good OER performance. We further characterized catalyst after the long-term stability 

test using SEM and XRD, as shown in Fig. S7a and S7b. We can conclude that the hollow 

LSCM NFs electrocatalyst has good stability in both the hollow NFs structure and the crystal 

structures. 

As shown in Fig. 7h, the corresponding Tafel slopes of Ni foam, LSCM-400, LSCM-600, 

LSCM-800 and LSCM-1000 are 157, 144, 140, 137, 132 mV dec-1, respectively. In addition, the 

Tafel slopes of Ni foam, LSCM-2, LSCM-5, LSCM-10 and LSCM-20 are 157, 142, 132, 125 

and 111 mV dec-1, respectively (Fig. 7i). Notably, the hollow LSCM perovskite NFs prepared at 

800 oC and 10 oC min-1 demonstrated the excellent electrocatalytic performance and a long-term 

stability in alkaline electrolyte. Owning to the hollow, porous structure, and larger specific 

surface area with more exposed active sites, the as-prepared “all-in-one” mutil-element 

perovskite oxides can be used as a highly active OER catalyst. The comparison of some LSCM 

samples with the common microstructrues OER electrocatalysts is summarized in Table S3, 

revealing the considerable OER performance of the electrodes synthesized in this work [59-62]. 

4. Conclusion 

In this work, we provided an effective “all-in-one” strategy for the synthesis of hollow multi-

element perovskite oxides NFs with controllable tubular structure and morphology by combining 

the electrospinning technology and Ostwald ripening approach. The LSCM NFs consist of large 

amounts of building block NPs, forming the unique architecture and the morphologies can be 

adjusted by changing the calcination temperatures and the heating rates. The OER performance 

results show that the as-prepared perovskite oxides exhibited excellent OER activity due to the 

unique architecture of hollow NFs, which generated large specific surface area, a high porosity 

and a large inner space. This work provided a simple method to create the hollow LSCM 
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perovskite NFs and the hollow NFs architecture exhibited a large specific surface area, a high 

porosity and a large inner space, which are beneficial for the OER, reducing the overpotentials 

and accelerating the electrode kinetics. 
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Figure Captions: 

 

Fig. 1. (a) FE-SEM image, (b) TEM image and (c) HRTEM image of the LSCM NFs 

prepared at 800 oC and the heating rate is 2 oC min-1. Inset in Fig. 1a is the high 

magnification FE-SEM images. Inset in Fig. 1b is the high magnification TEM image. Inset 

in Fig. 1c is the SAED pattern. (d) The line-scan EDX spectra of the LSCM NFs, and the 

inset is the cross section area. (e) The HAADF-STEM image of the LSCM NFs. (f-k) The 

STEM-EDS mapping images area of LSCM. 
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Fig. 2. (a) La 3d, (b) Sr 3d, (c) Co 2p, (d) Mn 2p and (e) O 1s XPS spectra of the LSCM NFs. (f) 

XRD pattern of the LSCM NFs. 
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Fig. 3. FE-SEM images and the TEM images of the LSCM NFs prepared at different 

temperatures and heating rate is 2 oC min-1, (a, b) 400 oC, (c, d) 600 oC, (e, f) 800 oC and (g, 

h) 1000 oC. 
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Fig. 4. FE-SEM images and the TEM images of the LSCM NFs prepared at 800 oC with 

various heating rates, (a, b) 2 oC/min, (c, d) 5 oC/min, (e, f) 10 oC/min and (g, h) 20 oC/min. 
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Fig. 5. (a, c) XRD pattern patterns of the hollow LSCM NFs prepared at different 

temperatures with heating rate of 2 oC min-1. (b, d) XRD pattern of the hollow LSCM NFs 

prepared at 800 oC with different heating rates. 
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Fig. 6. Schematic illustration of the formation mechanism of hollow LSCM NFs.  
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Fig. 7. (a) Polarization curves of LSCM NFs prepared at different temperatures on Ni foam 

in 1.0 M KOH. (b) Overpotentials at the current density of 10 mA cm-2 for various LSCM 

NFs prepared at different temperatures on Ni foam. (c) Current density at overpotential of 

420 mV for various LSCM NFs prepared at different temperatures. (d) Polarization curves 

of LSCM NFs prepared at different heating rates on Ni foam in 1.0 M KOH. (e) 

Overpotentials at the current density of 10 mA cm-2 for LSCM NFs prepared at different 

heating rates.  (f) Current density at overpotential of 420 mV for LSCM NFs prepared at 

different heating rates. (g) The time-dependent current density of the LSCM-10 and IrO2 at 

a constant voltage of 1.67 V vs. RHE. The inset in Fig. 7g is the photograph of the O2 

bubbles formed on the catalysts coated on Ni foam electrode during the electrocatalytic 

process. (h) The corresponding Tafel plots of LSCM NFs prepared at different temperatures. 

(i) The corresponding Tafel plots of LSCM NFs prepared at different heating rates. 
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Table 1. Electrochemical Parameters of the LSCM sample prepared at different conditions 

and Ni foam. 

 

Sample 
Onset 

overpotential 
(mV) 

Overpotential at 
current density 
of 10 mA cm-2 

(mV) 

Current density 
at η =420 mV 

(mA cm-2) 
Tafel slopes 

(mV decade-1) 

Ni foam 1.66 450 6 157 

LSCM-400 1.65 440 7 144 

LSCM-600 1.63 430 8 140 

LSCM-800 1.59 400 13 132 

LSCM-1000 1.65 420 9 137 

LSCM-5 1.57 360 26 125 

LSCM-10 1.54 340 36 111 

LSCM-20 1.62 420 9 142 
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Highlights 

► The mutil-elemental perovskite oxides NFs with controllable tubular structure and morphology are 

synthesized by using electrospinning technology and Ostwald ripening approach. 

► The as-prepared perovskite oxides exhibits excellent OER activity due to the unique architecture of 

hollow NFs. 

► The LSCM-10 affords overpotential of 340 mV at current density of 10 mA cm-2 and the Tafel slope 

is 111 mV dec-1. 


