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a b s t r a c t 

Electrochemical water splitting, as an effective sustainable and eco-friendly energy conversion strategy, 

can produce high-purity hydrogen (H2 ) and oxygen (O2 ) via hydrogen evolution reaction (HER) and oxy- 

gen evolution reaction (OER), respectively, altering the nonrenewable fossil fuels. Here, La0.6 Sr0.4 CoO3 per- 

ovskite oxide nanoparticles with an orthorhombic phase were synthesized within 2 min in a one-step 

reaction, using a rapid and efficient high-temperature shock (HTS) method. Impressively, the as-prepared 

La0.6 Sr0.4 CoO3 with orthorhombic phase (HTS-2) exhibited better OER and HER performance than the 

hexagonal phase counterpart prepared using the traditional muffle furnace calcination method. The elec- 

trocatalytic performance enhancement of orthorhombic La0.6 Sr0.4 CoO3 can be attributed to the novel or- 

thorhombic structure, such as confined strontium segregation, a higher percentage of highly oxidative 

oxygen species, and more active sites on the surface. This facile and rapid synthesis technique shows 

great potential for the rational design and crystal phase engineering of nanocatalysts. 

© 2024 Published by Elsevier Ltd on behalf of The editorial office of Journal of Materials Science & 

Technology. 
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. Introduction 

Hydrogen energy is widely accepted as the most promising sub- 

titute for fossil fuels in energy storage and conversion [1–4] . Elec- 

rochemical water splitting, involving oxygen evolution reaction 

OER) and hydrogen evolution reaction (HER), can produce high- 

urity oxygen (O2 ) and hydrogen (H2 ), altering the nonrenewable 

ossil fuels [5–10] . While noble metal compounds such as ruthe- 

ium/iridium oxides (RuO2 /IrO2 ) and platinum (Pt) alloys exhibit 

xcellent electrocatalytic performance for both OER and HER, their 

xorbitant prices make them unsuitable for industrial applications. 

hus, researchers are exploring more economical materials with 

igh capacities and stabilities [11–14] . Perovskite oxides, generally 

ith the molecular formula of ABO3 , where A represents alkaline 

r rare-earth metal and B represents transition metal, could be uti- 

ized for electrocatalysis, due to their low cost and tunable crys- 

al structure and physiochemical properties [15–17] . Specifically, 
∗ Corresponding authors. 
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he structure variation and the regulation of electronic properties 

y elemental composition and crystal phase are essential to build 

he relationship between electronic properties and catalytic perfor- 

ance, and structural evolutions for electrocatalysts [ 18 , 19 ]. For in- 

tance, La1–x Srx CoO3 (0 ≤ x ≤ 1) oxide is a prevalent type of per- 

vskite, which has been applied as an excellent cathode catalyst 

or electrical cells and metal-air batteries. Its intrinsic properties 

or OER and HER reactions are gaining more attention than ever 

efore [20–23] . Liu et al. [24] designed a LaCoO3 /N-doped reduced 

raphene oxide nanohybrid with improved performances for oxy- 

en reduction reaction (ORR) and OER. Yu et al. [25] reported an 

b-doped La0.4 Sr0.6 Co0.7 Fe0.2 Nb0.1 O3 bifunctional perovskite, which 

xhibited superior performance in the aluminum-air battery. 

To date, various effective strategies, including solid-phase, co- 

recipitation, hydrothermal, and sol-gel methods [ 15 , 26 ], have 

een developed to synthesize functional perovskite oxides, with 

ell-defined size, composition, and morphology. However, it is 

ound that the resulting perovskite oxides tended to be agglom- 

rated with poor specific surface area [ 25 , 27 ]. Therefore, it re- 

ains challenging to obtain high-performance perovskite oxides 

ith tunable composition, structure, and crystal phase [28] . Re- 
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Fig. 1. Schematic illustration of synthesis process for La0.6 Sr0.4 CoO3 with orthorhombic and hexagonal structures via HTS and traditional heating methods, respectively. 
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ently, Chen et al. [29] developed a rapid high-temperature shock 

HTS) technique, which involves electrical joule heating to achieve 

ltrahigh reacting temperature with ultrafast heating and cooling 

ates of 105 and 104 K s–1 , respectively. Notably, the HTS method 

howed high local temperature over a wide temperature from 300 

o 30 0 0 K, which is beneficial for the morphology, structure, and 

rystal phase modification of well-dispersed nanomaterials with 

emarkable performances [29–36] . This ultrafast HTS manufactur- 

ng method has been used to synthesize various materials, such 

s monometallic nanoparticles (e.g., Si, Au, Pd, and Ag) [ 29 , 37 ],

imetallic alloy (e.g., NiFe, PdNi, and PtFe) [ 38 , 39 ], and metallic

ompounds (e.g., SiC, CoS, FeS2 , Co3 O4 , MoS2 , CoFePx , LiMn2 O4 , 

iCoO2 , LiFePO4 , Li-rich layered oxide/NiO heterostructures), etc. 

40–44] . 

In this report, we applied the HTS manufacturing strategy to 

ynthesize La0.6 Sr0.4 CoO3 perovskite oxides in one step by di- 

ectly reducing the mixed metal nitrate precursors to the fi- 

al product, i.e., perovskite oxides at the temperature of up to 

273 K. The process is schematically illustrated in Fig. 1 . Note 

hat La0.6 Sr0.4 CoO3 showed an unusual orthorhombic phase, com- 

ared to the hexagonal phase of the bulk counterpart obtained 

ia the traditional heating method. Impressively, the orthorhom- 

ic La0.6 Sr0.4 CoO3 exhibited good HER and OER activities and sta- 

ilities. The structure-performance relationship was discussed sys- 

ematically as well. Phase engineering shows great potential for the 

odification of structural diversities and catalytic capacity. The re- 

ction mechanism of La0.6 Sr0.4 CoO3 with different phases for OER 

nd HER is investigated by density functional theory (DFT) cal- 

ulations to identify the surface reaction pathway. This work of- 

ers a facile and rapid method for the synthesis of perovskite 

xides with novel crystal phases and excellent electrochemical 

erformance. 

. Results and discussion 

.1. Characterization of morphology and structure 

The orthorhombic La0.6 Sr0.4 CoO3 perovskite oxides were syn- 

hesized via a facile, one-step HTS method to heat treat the uni- 

orm mixture of La(NO3 )3 �6H2 O, Sr(NO3 )2 , and Co(NO3 )2 �6H2 O 

 Fig. 1 , see Experimental section in the Supplementary informa- 

ion for details). A detailed characterization of the as-prepared 

a0.6 Sr0.4 CoO3 perovskite oxides is shown in Figs. 2 , S1, and S2. 

he representative high-angle annular dark-field scanning trans- 
2

ission electron microscopy (HAADF-STEM) confirmed the or- 

horhombic crystal structure of La0.6 Sr0.4 CoO3 obtained by the 

TS method, as compared to the hexagonal structure of that ob- 

ained by muffle furnace calcination. Specifically, the lattice dis- 

ance of La0.6 Sr0.4 CoO3 obtained by the HTS method is about 

.21 nm ( Fig. 2 ( a)), which is consistent with the orthorhombic 

hase. In comparison, the lattice distance of the traditional calci- 

ated La0.6 Sr0.4 CoO3 is about 0.19 nm ( Fig. 2 (b)) which is aligned 

o the hexagonal phase. The instant joule heating via HTS may lead 

he precursors to directly decompose at high temperatures, while 

he high Gibbs free energy is contained inside the nanoparticles 

uring the ultrafast cooling down process, which is facile to mod- 

late the atomic arrangement, and thus generates defects or un- 

sual crystal phase, i.e., orthorhombic structure for La0.6 Sr0.4 CoO3 . 

oreover, the HAADF-STEM and the corresponding energy disper- 

ive X-ray spectroscopy (EDS) elemental mapping images of the or- 

horhombic La0.6 Sr0.4 CoO3 showed the uniform distribution of La, 

r, and Co elements, with a La/Sr/Co atomic ratio of 0.26/0.20/0.54 

 Figs. 2 (c) and S3). 

The XRD patterns of the prepared La0.6 Sr0.4 CoO3 perovskites 

re shown in Fig. 3 (a, b). The diffraction peaks of both cata- 

ysts are in correspondence with the standard hexagonal LaCoO3 

PDF#48–0121). Besides, there is an obvious diffraction peak 

round 31.8 ° in HTS-2, which indicates the existence of orthorhom- 

ic La0.6 Sr0.4 CoO3 (PDF#46–0704), proving that the orthorhombic 

erovskite structure was obtained by the HTS method. The muffle- 

repared La0.6 Sr0.4 CoO3 exhibits a peak at 28.8 °, aligned to the 

rCO3 crystal structure (PDF#74–1491), which might arise from 

he unconverted precursor in the reaction system. In Fig. 3 (b), the 

iffraction peak at 33.5 ° of HTS-2 shifted to a smaller angle, in- 

icating that the lattice had expanded a bit more than that ob- 

ained by traditional calcination. It could be attributed to the coex- 

stence of orthorhombic structure in La0.6 Sr0.4 CoO3 (HTS-2), which 

as a larger lattice parameter, consistent with the HRSTEM results 

n Fig. 2 (a) [45] . 

To explore the surface area and pore volume of orthorhom- 

ic and hexagonal La0.6 Sr0.4 CoO3 , N2 adsorption/desorption exper- 

ments were conducted (Fig. S4). The surface area of orthorhombic 

a0.6 Sr0.4 CoO3 was calculated as 21.804 m2 g–1 , larger than that 

f its hexagonal counterpart (7.0 0 0 m2 g–1 ), using the Brunauer- 

mmett-Teller (BET) model (Table S1). The Barrett-Joiner-Halenda 

BJH) pore volume is represented as the inset of Fig. S4, indicating 

he higher pore volume of ort-La0.6 Sr0.4 CoO3 (0.098 cm3 g–1 ), as 

ompared to hcp one. 
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Fig. 2. HAADF-STEM images of (a) orthorhombic La0.6 Sr0.4 CoO3 (HTS-2), obtained by the HTS method, and (b) hexagonal La0.6 Sr0.4 CoO3 , obtained by muffle furnace calcina- 

tion. (c) STEM image and the corresponding STEM–EDS elemental mapping of orthorhombic La0.6 Sr0.4 CoO3 (HTS-2). 

Fig. 3. (a) the XRD patterns; (b) the enlarged XRD patterns from 25 ° to 40 °; the XPS spectra of (c) O 1s; (d) Co 2p of sample HTS-2 and Muffle, respectively. 
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Fig. 4. OER tests: (a) LSV curves; (b) the corresponding Tafel plots of sample HTS-2 and Muffle; (c) cyclic stability curves of HTS-2. HER tests: (d) LSV curves; (e) the 

corresponding Tafel plots of sample HTS-2 and Muffle; (f) cyclic stability curves of HTS-2. EIS spectra of (g) OER (h) HER and (i) capacitive currents of sample HTS-2 and 

Muffle. 
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X-ray photoelectron spectroscopy (XPS) was used to investigate 

he structure of La0.6 Sr0.4 CoO3 ( Fig. 3 (c, d)). As shown in Fig. 3 (c),

he peaks of O 1s may be separated into four peaks (i.e., 528.9, 

29.6, 531.3, and 532.9 eV) for subsequent identification [15] . The 

pecies of surface O 1s are indexed as O2– (lattice oxygen), O2 
2–/O–

highly oxidative oxygen), –OH/O2 (surface absorbed oxygen or hy- 

roxyl) and H2 O (surface absorbed water), respectively. The per- 

entage of each kind of surface O 1s could be calculated accord- 

ng to the area of the peaks (Table S2). It was reported that a 

igher ratio of highly oxidative oxygen or surface-absorbed oxy- 

en/hydroxyl would bring more oxygen vacancies [46] . The ab- 

orbed O2 on the surface can strengthen the bond between B-site 

ations and oxygen, and then motivate the charge transfer during 

he catalytic process. In addition, more hydroxyl groups could facil- 

tate the combination of O–O in OOH–, so as to promote the per- 

ormance of OER. According to the calculation results, HTS-2 ex- 

ibited larger concentrations for both oxygen species of O2 
2–/O–

8.61 %) and –OH/O2 (68.96 %) than that obtained by traditional 

alcination (Muffle). 

For the Co 2p spectra, the distinct peaks located at 780.0 eV 

Co 2p1/2 ) and 795.0 eV (Co 2p3/2 ) may be divided into four peaks, 

hich are denoted as Co3 + (780.3 and 795.0 eV) and Co2 + (781.8 

nd 796.9 eV) [ 47 , 48 ]. Moreover, the ratio of Co3 + / Co2 + and the

verage valence state of Co ions were calculated according to the 

eak area (Table S3). It has been pointed out in previous research 

hat Co2 + could be assumed as high spin (HS, 2 eg ↑ 3 t2g ↑ 2 t2g ↓ ),

t

4

hile Co3 + as intermediate spin (IS, eg ↑ 3 t2g ↑ 2 t2g ↓ ) [ 8 , 49 ]. Taking

g orbital filling as the description character of the electrochemical 

ctivity of perovskite oxides, when eg occupancy on B-site cations 

s closer to 1.2, the catalysts show better performance for OER and 

ER [50] . In our experiment, Co ions are the B-site cations, so the 

alue of eg orbital filling could be calculated according to the fol- 

owing equation: eg = (1 × Co3 + / Co2 + + 2 × 1)/ (Co3 + / Co2 + + 1). 

he eg occupancy is listed in Table S3. By comparison, the value of 

g occupancy for HTS-2 was closer to 1.2 than that for the sample 

btained by the Muffle furnace calcination method, indicating the 

igher performance of HTS-2. 

.2. Electrochemical performances 

An electrocatalytic OER test was carried out using the three- 

lectrode cell in 1 mol L–1 KOH aqueous solution, as presented in 

ig. 4 (a–c). The potentials of the reference electrode were normal- 

zed to a reversible hydrogen electrode (RHE) at room tempera- 

ure. From the linear sweep voltammetry (LSV) polarization curves 

f OER at the scan rate of 5 mV s–1 ( Fig. 4 (a)), HTS-2 showed en-

anced electrocatalytic activity with a low overpotential of 363 mV 

t 10 mA cm–2 , as compared to the Muffle. The Tafel slope for HTS- 

 is 73 mV dec–1 ( Fig. 4 (b)), which is also lower than that of the

uffle (128 mV dec–1 ), suggesting fast kinetics of HTS-2. The mass 

ctivities are calculated based on the ratio of current and mass 

oading under a certain voltage. HTS-2 showed surpassed mass ac- 

ivity over the Muffle, which was 103.2 and 10.6 A g–1 , respectively, 
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Fig. 5. (a) Water splitting cycle diagram for orthorhombic La0.6 Sr0.4 CoO3 at the Co site. Free energy and pathways of OER for the reconstruction models of (b) orthorhombic 

and (c) hexagonal La0.6 Sr0.4 CoO3 at Co site, respectively. (d) Free energy of HER for orthorhombic and hexagonal La0.6 Sr0.4 CoO3 . (e) The formation energy of Sr deficiency of 

orthorhombic and hexagonal La0.6 Sr0.4 CoO3 . 
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t a potential of 1.7 V (vs. RHE). Moreover, the TOFmass for the HTS- 

 and Muffle were 0.061 and 0.006 s–1 at 1.7 V vs. RHE, respec- 

ively (Fig. S5(a)). HTS-2 still shows a greater turnover frequency, 

lmost 10 times than that of Muffle. Fig. 4 (c) displays the reduc- 

ion in performance after 500 cycles of cyclic voltammetry test at 

he scan rate of 50 mV s–1 , showing an overpotential gap of about 

5 mV. 

Therefore, HTS-2 exhibits a nice OER durability. 

To evaluate the electrocatalytic HER performance of the or- 

horhombic La0.6 Sr0.4 CoO3 in O2 -saturated 1 mol L–1 KOH aqueous 

olution, the Muffle calcinated La0.6 Sr0.4 CoO3 was selected as a ref- 

rence catalyst, with all potentials normalized to the RHE. The LSV 

olarization curves recorded at a scan rate of 5 mV s–1 and the ex- 

ct overpotential were shown in Fig. 4 (d, e). The overpotential of 

he HTS-2 at −10 mA cm–2 is 261 mV, which is better than that of 

he Muffle (436 mV). To gain more insight into the kinetics of HER, 

urther analysis of the Tafel slope was performed. As shown in 

ig. 4 (e), the HTS-2 displayed a smaller Tafel slope (52 mV dec–1 ) 

ompared to Muffle (148 mV dec–1 ), indicating more efficient HER 

inetics of HTS-2. Moreover, the mass activity and TOFmass of HTS- 

 are −36.1 A g–1 and −0.042 s–1 (both at –0.3 V vs. RHE), respec- 

ively, which are distinctively higher than those of the Muffle (Fig. 

5(b)). In Fig. 4 (f), HTS-2 showed a slight increase in 20 mV in the

verpotential at –10 mA cm–2 after 500 cycles, indicating the fine 

tability of HTS-2 for HER. In addition, the overpotential of HTS-2 

s comparable to or even smaller than those of the reported per- 

vskite electrocatalysts (Table S4). Given the above analysis, it is 

emonstrated that the HTS strategy could produce perovskite ox- 

des with high purity and good electrocatalytic performance. 

.3. Discussion 

Electrochemical impedance spectra (EIS) of OER and HER are 

emonstrated in Fig. 4 (g, h). The semicircles of Nyquist plots rep- 
5

esent the charge-transferring resistance, and a smaller diameter 

ndicates lower resistance. The charge transfer resistance of HTS-2 

s found to be 37 � for OER ( Fig. 4 (g)) and 35 � for HER ( Fig. 4 (h)),

hich are smaller than those of the Muffle. The low resistance en- 

ures a fast charge-transfer rate, which is likely the reason for the 

ood electrochemical activity of HTS-2. 

The cyclic voltammetry tests of the HTS-2 and Muffle were con- 

ucted using various scan rates (i.e., 5, 20, 40, 60, and 80 mV 

–1 ) within a potential range of 1.1–1.3 V (vs. RHE). The result- 

ng curves were analyzed and categorized into five patterns in Fig. 

6. The double layer capacitance ( Cdl ) of the samples was deter- 

ined using the formula: �i /2 = ν × Cdl , where ν is the scan 

ate and the current ( i ) was selected from the medium voltage 

1.20 V vs. RHE). The Cdl values for the catalysts were plotted in 

ig. 4( i) and were found to be 1.34 mF cm–2 (HTS-2) and 0.54 mF 

m–2 (Muffle), respectively. The Cdl value is typically used to de- 

ermine the electrochemical active surface area (ECSA) of catalysts, 

ith larger values indicating a greater number of active sites on 

he surface. Therefore, the ECSA of the HTS-2 is larger than that of 

he Muffle. This suggests that HTS-2 will perform better in elec- 

rocatalytic tests due to the presence of more active sites on the 

urface. 

To elucidate the reaction mechanism of the hydrolysis reaction 

n orthorhombic (ort-) and hexagonal phase (hcp-) La0.6 Sr0.4 CoO3 

LSCO), the theoretical calculation based on density functional the- 

ry (DFT) was employed to explore the OER and HER processes 

see Supporting information for the detailed calculation process). 

he electrocatalytic cycle mechanism for OER and HER is schemat- 

cally illustrated in Fig. 5 (a). Based on the ort- and hcp-LSCO 

hases, the ort-LSCO(001) and hcp-LSCO(012) were employed as 

he active surfaces where the Co and O will be exposed. Accord- 

ng to the d -band center theory supposed by Norskov’ group [51] , 

he d orbital of transition metal will mainly contribute to the ad- 

orption of the intermediate and the catalytic reaction. Therefore, 
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Fig. 6. SEM images of HTS-2 and Muffle before and after stability tests. 
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or both ort-LSCO(001) and hcp-LSCO(012), the Co atom should be 

he active center. The free energy curves of OER and HER are in- 

estigated ( Fig. 5 (b–d)) to estimate the activity of the hydrolysis 

eaction. For the OER process, it is seen that the lowest potential 

 to turn all the protonation process to be exothermic is 1.74 V 

 Fig. 5 (b)) on ort-LSCO(001), which is closer to the equilibrium po- 

ential of 1.23 V than that of hcp-LSCO(012) ( U = 3.06 V) ( Fig. 5 (c)).

eanwhile, for HER, the free energy change on ort-LSCO(001) 

 �GH = –0.004 eV) is very close to 0 eV, compared with hcp- 

SCO(012) ( �GH = 1.72 eV), as shown in Fig. 5 (d). These results 

ndicate that ort-LSCO(001) will show higher OER and HER activity 

han that of hcp-LSCO(012), which aligns well with the experimen- 

al observations. Additionally, ort-LSCO(001) shows a higher forma- 

ion energy of Sr deficiency (7.84 eV) than that of hcp-LSCO(012) 

7.19 eV), suggesting that the Sr losing will be suppressed on the 

ormer system ( Fig. 5 (e)). 

Moreover, the energy-level diagram was investigated by theo- 

etical calculation. It is revealed that the Fermi levels of ort and 

cp-LSCO are below the LUMO energy level of H2 O (Fig. S7), in- 

icating that the H2 O dissociation cannot be dissociation sponta- 

eously. This observation suggests that spontaneous dissociation of 

2 O molecules is not feasible. Consequently, the process of H2 O 

plitting must be realized by extra energy, such as external poten- 

ial. When an external potential is applied, the energy of free elec- 

rons is increased, enabling them to reach the high energy level of 

2 O-LUMO, thereby activating the H2 O molecules. This enhanced 

harge/electron transition serves to facilitate the process of H2 O 

plitting when external potential is applied. 

The samples including the HTS-2 and the Muffle were charac- 

erized by SEM before and after the stability tests ( Fig. 6 ). The pris-

ine HTS-2 and Muffle samples exhibited uniform particle distri- 

ution, with smooth surfaces and well-stratified, porous structures 

 Fig. 6 (a, b)). However, after the cyclic tests, the morphology of 

he Muffle changed significantly ( Fig. 6 (c)), with insulating phases 

orming on the surface. This might be due to the Sr segregation 

ccurring in the electrochemical circulations [52] , which is a com- 
6

on phenomenon in the application of perovskite oxides contain- 

ng strontium. As Sr segregation can interfere with the electronic 

xchange process, it may cause a decrease in electrocatalytic prop- 

rties [ 52 , 53 ]. Previous research has reported that an orthorhom- 

ic structure can reduce the Sr segregation in perovskites [53] . In 

his work, the structure of HTS-2 maintained well after the stabil- 

ty test ( Fig. 6 (d)), indicating that the orthorhombic structure pro- 

uced by the HTS method could suppress Sr segregation in LSC 

uring operation, thereby improving the electrochemical perfor- 

ance. 

XPS results provide insights into the surface composition of the 

amples. The contents of the three kinds of metal atoms of HTS-2 

nd Muffle are listed in Table S5. The atomic percentages of stron- 

ium were initially 21.97 % (HTS-2) and 20.05 % (Muffle). After the 

urability tests, the Sr percentage in Muffle increased to 32.31 %, 

hereas the Sr element in HTS-2 only exhibited a slight increase. 

his indicates that Sr segregation was largely suppressed in HTS-2, 

onsistent with the analysis presented in Fig. 6 . 

. Conclusions 

In summary, La0.6 Sr0.4 CoO3 perovskite oxides were successfully 

repared using the HTS technique with mixed metal nitrates as 

recursors. Compared to the sample obtained by the traditional 

uffle furnace calcination method, the La0.6 Sr0.4 CoO3 perovskite 

xides (HTS-2) prepared using HTS (Joule heating for 2 min) 

ethod showed high purity with the presence of orthorhombic 

hase and exhibited better OER and HER activities. The good elec- 

rocatalytic performance of HTS-2 is mainly attributed to its or- 

horhombic structure, which suppresses strontium segregation, as 

ell as the higher percentages of highly oxidative oxygen species 

nd absorbed oxygen species on the surface. These factors con- 

ribute to the presence of more active sites and lower charge- 

ransfer resistance. This study offers a novel, simple, and rapid 

ethod for the synthesis of perovskite oxides with good electro- 
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