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a b s t r a c t

Spinel oxides, with the formula AB2O4 (A and B represent metal ions) perform superior electrocatalytic

characteristic when A and B are transition metals like Co, Fe, Mn, etc. Abundant researches have been

attached to the structure designments while methods are often energy-intensive and inefficient. Here,

we devised a universal strategy to achieve rapid synthesis of nanocrystalline spinel materials with mul-

tiple components (Co3O4, Mn3O4, CoMn2O4 and CoFe2O4 are as examples), where phase formation is

within 15 s. Under the Joule-heating shock, a crack-break process of microcosmic phase transformation

is observed by in-situ transmission electron microscopy. The half-wave potential values of Co3O4–JH,

Mn3O4–JH, CoMn2O4–JH and CoFe2O4–JH in the electrocatalytic oxygen reduction reaction were 0.77,

0.78, 0.79 and 0.76, respectively. This suggests that the Joule heating is a fast and efficient method for

the preparation of spinel oxide electrocatalysts.

© 2024 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Spinel oxides, generally with the formula AB2O4 (where A and

B are metal ions), have been extensively studied for their vari-

ous physical or chemical properties, such as magnetism, electrical

conductivity, optical properties and catalytic activity [1–3] caused

by diverse compositions [4], micro/nano structures [5,6], electron

configurations [7,8] and valence states [9]. The electrical charac-

teristic and redox reactivity due to their variable valence states of

spinel oxides make them capable to play a role in the applications

of energy conversion and storage systems, such as LiMn2O4 and

LiNi0.5Mn1.5O4 for cathode materials of Li-ion batteries [10,11] and

NiCo2O4 for supercapacitors [12]. In the field of electrocatalysis,

spinel oxides are considered as a competitive alternative to noble

metal-based catalysts (e.g., Pt/C) because of their high oxygen re-

duction reaction (ORR) catalytic activity and low cost, which are

used in fuel cells [13,14] and metal-air batteries [15,16]. Transition

metals like Co, Mn and Fe are the most common components in

such spinel type electrocatalysts [17].

Lower time cost, lower energy cost and higher volume synthe-

sis methods for metal oxides catalysts have been pursued [18]. Al-

though spinel oxides have a significant advantage in terms of cost

compared to commercial noble metal-based catalysts, approaches

∗ Corresponding authors.

E-mail addresses: lihaixia@nankai.edu.cn (H. Li), yzh@nankai.edu.cn (Z. Yan).

utilized to prepare them become an obstacle in the way to com-

mercialization. A direct high temperature solid phase method is an

ordinary means which is beneficial to get a pure phase with good

crystallization, while it requires a high temperature for a long du-

ration of reaction for phase formation and crystallization, causing

a high time cost and low energy efficiency [19]. Hydrothermal is

also a common technique for preparing products with high dis-

persion and small particle size, but it is not feasible for a mass

production [20]. Some vapor phase methods such as vapor deposi-

tion and spraying are more technically demanding and only a small

amount of product can be synthesized in a single batch [21]. Tra-

ditional synthesis methods are either time-consuming and energy

consuming, or can only be used for small batch synthesis. General-

ized methods for low-cost, low-energy, and ultra-fast synthesis of

spinel oxides need to be developed urgently.

A more direct supply of energy to the reaction system through

physical conditions is one of the most important means of achiev-

ing rapid synthesis [22,23]. Joule heating is a simple method with

high energy efficiency which is potential to achieve the purpose of

high throughput synthesis. The large amount of Joule heat gener-

ated by the instantaneous substrate of a large current through the

conductive substrate rapidly supplies energy (Q= I2Rt) to the reac-

tion system, allowing the chemical reaction to be completed in a

very short time [24]. The simple device and transient heating char-

acteristics make Joule heating suitable for the production of nano-
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Fig. 1. Schematic diagram of (a) Joule heating equipment. The alligator clip’s head is made of electrically conductive copper tape. (b) Joule heating process and temperature-

time curves of different precursors. XRD patterns of (c) Co3O4–JH, (d) Mn3O4–JH, (e) CoMn2O4–JH and (f) CoFe2O4–JH. SEM images of (g) Co3O4–JH, (h) Mn3O4–JH, (i)

CoMn2O4–JH and (j) CoFe2O4–JH. The scale bar is 100 nm.

micron scale functional materials, such as high entropy alloys [25],

high entropy oxides [26,27], oxide lithium cathode materials [28],

solid electrolytes [29,30], and it has been extended to the synthe-

sis of small molecules [31]. However, there are few reports on the

synthesis of nanocrystalline spinel catalysts by the Joule heating

method.

Here we develop a Joule heating method to synthesize vari-

ous components of spinel oxide materials (Co3O4–JH, Mn3O4–JH,

CoMn2O4–JH and CoFe2O4–JH) under the similar condition. We de-

vised an in-situ TEM method to simulate the formation process of

the spinel phase, revealing that the nanosheets crack into smaller

nanosheets or particles due to the exudation of the oxygen, and

also determining the effect of the atmosphere and time regulation

on the composition and morphology. This Joule heating is an ultra-

fast (15 s), universal method for synthesizing spinel nanocrys-

tals with good electrocatalytic oxygen reduction performance. Our

work expands the application conditions of Joule heating synthesis

materials and provides a reference for controlling the morphology

of nanocrystals.

To emphasize the universality of our approach, a common pre-

cipitation or co-precipitation method was applied to the prepara-

tion of precursors, as shown in the Experiment Section, and pre-

cursors were named as Co-pre, Mn-pre, CoMn-pre and CoFe-pre

according to the transition metal elements contained in the pre-

cursor. As illustrated in Fig. 1a, a current controlled by a DC power

supply flows through the carbon paper substrate (held by two alli-

gator clips) generating Joule heat, and the temperature of the car-

bon paper rapidly increase to provide a large amount of energy to

the reaction system. After being tableted, a Joule heating process

with a setting voltage of 12 V acted on Co-pre, and the product

was collected after a sintering temperature of ∼650 °C for about

15 s (Fig. 1b). Mn-pre, CoMn-pre and CoFe-pre was calcined at

∼750 °C for about 15 s with the setting voltage of 15 V. It is worth

emphasizing that Mn-pre, CoMn-pre and CoFe-pre can be calcined

at the same time (Fig. S1 in Supporting information). It can be seen

in optical photos (Fig. S3 in Supporting information) that the three

components were in the same space and did not affect each other

before and after synthesis, which reflected the potential of Joule

heating method in high throughput synthesis. Carbon paper can

be reused according to Fig. S2 (Supporting information). Figs. S2a

and b are photos of the carbon paper before and after heating. And

the thermal curve (Fig. S2c) of after heating were similar to that of

before heating.

Phase information was revealed by X-ray diffraction (XRD).

The precursors were oxides and hydroxides (Fig. S6 in Support-

ing information). Products were named as Co3O4–JH, Mn3O4–JH,

CoMn2O4–JH and CoFe2O4–JH. Fig. 1c shows that the final product

of Co-pre after Joule heating method was the cubic spinel Co3O4

(JCPDS No. 43-1003), and the XRD patterns of the other three prod-

ucts correspond to tetragonal spinel Mn3O4 (JCPDS No. 1-1127),

tetragonal spinel CoMn2O4 (JCPDS No. 77-471) and cubic spinel

CoFe2O4 (JCPDS No. 1-1121), respectively (Figs. 1d–f), showing the

formation of the most stable phase of the specific temperature

condition even in a short duration of heating [32]. Scanning elec-

tron microscope (SEM) was used to observe the microscopic sur-

face morphology of the powder samples of precursors and prod-

ucts. As shown in Fig. S5 (Supporting information), four types of

precursors were mainly nanosheets, which was the common mor-

phology of transition metal hydroxides. Meanwhile, the appearance

of a small number of nano particles can be observed in the SEM

image of Mn-pre, indicating the presence of oxides, corresponding

to XRD. Co3O4 shows a morphology of nanosheets with the size of

100 nm (Fig. 1g), when the others tend to be nanoparticles with

the particle size of 30–50 nm (Figs. 1h–j). It is indicated that a

higher temperature shock brought a fracture of nanosheets to be

nanoparticles and agglomeration in rapid sequence.
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Fig. 2. (a) Schematic diagram of in-situ Joule-heating holder and substrate chip. TEM image of the sample at (b) 0 s (c) 7 s and (d) 15 s. The scale bar is 100 nm. (e)

HAADF-TEM image of the sample before heating. (f) SAED image of the sample before heating. (g) HAADF-TEM image of the sample after heating. (h) SAED image of the

sample after heating. (i) EDS-Mapping of the sample before heating and (j) after heating.

Then, we demonstrate an in-situ method to reveal the Joule-

heating process. The CoMn-pre powder sample was dispersed into

ethanol and dripped onto a silicon–carbon chip with an electric

circuit on it. The chip was purchased from ThermoFisher Scien-

tific (Fig. 2a and Fig. S14 in Supporting information), and served

as the substrate of TEM samples on the in-situ heating sample

holder. To simulate the Joule heating process, the sample holder

was connected to a programmable power supply (Keithley 2604B),

and the entire heating process was controlled by a MEMES-Heater

software. Before heating, a TEM image and selective area elec-

tron diffraction (SAED) image of CoMn-pre was recorded. As shown

in Fig. 2b, CoMn-pre displayed the nanosheet shape, and the

SAED patterns in Fig. 2e indicated that the precursor was com-

posed of (Co,Mn)OOH in which the (002) the (241) crystal face of

(Co,Mn)OOH can be identified. The HAADF EDS-Mapping showed

that in Co, Mn and O were distributed evenly in CoMn-pre (Figs.

2e, f and i). A heating program was set in the MEMS-Heater

software, according to the heating curves obtained in the exper-

iment. The heating speed was 150 °C/s, the maximum tempera-

ture was set to 750 °C, and the heating program was started sub-

sequently. As recorded in Figs. 2b–d, the nanosheets underwent

a crack-break-agglomeration process. The escape of gases during

the decomposition reaction led to the formation of many holes on

the surface of the nanosheets (Fig. 2c, after 7 s of heating), and

the nanosheets cracked upon further heating, eventually forming

nanoparticles, with the small particles tending to be enriched to-

wards the larger ones and eventually forming particles with sizes

ranging from 10 nm to 50 nm (Figs. 2d and g). Fig. 2h showed

SAED images after in-situ heating, where the presence of diffrac-

tion rings representing the (211), (400), and (004) crystal planes of

CoMn2O4 can be observed, and the distribution of Co, Mn, and O

was suggested in Fig. 2j. It indicated that the process of synthesis

of spinel by Joule heating of hydroxide precursor was a process in

which the escape of oxygen-containing gas leads to the cracking of

nanosheet structure, and oxygen vacancy was formed at the crack-

ing edge. If sufficient oxygen elements were not absorbed from

the environment, the precipitation of Co would eventually result.

On the other hand, we observed the formation and agglomeration

of smaller particles in this process, which gave us two implica-

tions: First, the synthesis of spinel oxides by Joule heating method

needed to be carried out in an air atmosphere, and if the reaction

time can be reasonably shortened, there was a chance to obtain

smaller nanoparticles. In order to refine the process of Joule ther-

mal decomposition of the lamellar precursor, we performed pro-

grammed warming under in-situ electron microscopy, and the rele-

vant results are supplemented in Fig. S15 (Supoprting information).

We set a heating rate of 150 °C/s and held the temperature for

a period of time every 100 °C to record the sample morphology.

It can be observed that the nanosheets start to produce holes at

300 °C, the voids are already very dense at 600 °C, and a clear rup-

ture of the nanosheets with the generation of smaller nanosheets

and nanoparticles can be observed at 700 °C. By 800 °C, the mate-

rial has been completely broken into nanoparticles.

Based on the results of in-situ transmission electron microscopy,

we propose a C-B-A process to describe the phase transition under

Joule thermal shock. As shown in Fig. 3a, C represents the ther-

mal decomposition reaction of the precursor under thermal shock,

oxygen-containing gas escapes, and continuous heating causes

the nanosheet to crack, break (B), and eventually form smaller

nanosheets or nanoparticles and aggregate (A). Notably, there are

some obvious holes in the nanosheets (Fig. S4a), which indicates

a possible process that the decomposition and gas escape of pre-

cursors in the Joule heating process cause the nanosheets to break

first into smaller nanosheets, then into smaller nanoparticles, and
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Fig. 3. (a) Schematic diagram of C-B-A process of Joule-heating method. High resolution O 1s spectrum of (b) Co3O4–JH, (c) Mn3O4–JH, (d) CoMn2O4–JH and (e) CoFe2O4–JH.

finally to agglomerate into larger nanoparticles. This decomposi-

tion process leads to the formation of O vacancy on the surface of

the final nanosheet or nanoparticle, which can be demonstrated by

the characterization of X-ray photoelectron spectroscopy (XPS). The

full spectrums and high-resolution spectrums of the four products

are listed in Figs. S7–S10 (Supporting information). In the high-

resolution O 1s spectrum of the four oxides (Figs. 3b–e), the peak

of ∼531 eV is ascribed to oxygen absorbed on the surface of ma-

terials, indicating that the surface tends to absorb oxygen around

the environment because of the presence of O vacancy, and gener-

ation of O vacancy further might improve the electrocatalytic per-

formance of the materials [33].

High resolution transmission electron microscopy (HRTEM) im-

age and its fast Fourier transform (FFT) was used to observe the

lattice fringes and crystal plane spacing clearly. In Figs. S4e and i

(Supporting information), two groups of lattice spacing with the

width of 0.243 nm are indicated, and their included angle is 84.8°,
which can be attributed to the (311) crystal plane and (13̄1) crys-

tal face of cubic spinel Co3O4. Figs. S4f and j (Supporting infor-

mation) showed (211) and (020) faces of tetragonal spinel Mn3O4

with the angle of 64.4°, respectively with the width of 0.248 nm

and 0.287 nm. (211) face (0.248 nm) of tetragonal spinel CoMn2O4,

and (311) face (0.253 nm) cubic spinel CoFe2O4 were calibrated in

Figs. S4g, S4k (Supporting information) and Figs. S4h, S4l (Support-

ing information), respectively. (211) face is the dominant crystal

face of tetragonal phase spinel, while (311) is the counterpart of

cubic phase spinel. This structural information further confirmed

that we had successfully obtained four kinds of spinel oxide prod-

ucts by Joule heating method. Moreover, from these characteriza-

tion methods, the transformation process of flake hydroxide pre-

cursor to spinel oxide after Joule heating can be inferred simply.

The escape of water and other gases generated by decomposi-

tion from the nanosheet leads to the cracking of the nanosheets,

and higher reaction temperature corresponded to greater fragmen-

tation. Under such non-equilibrium transient heating, the surface

of small nanosheets or particles produced by decomposition can-

not be supplemented with oxygen elements in time, resulting in

the formation of surface oxygen vacancies. This indicates that,

different from the more perfect crystals produced by the tradi-

tional long-term equilibrium heating reaction, the Joule heating

method can produce nano-scale crystals with certain defects on

the surface with ultrafast and high throughput. The structure-to-

performance of defective crystals is also a hot topic in materials

science.

The ORR performances of Co3O4–JH, Mn3O4–JH, CoMn2O4–JH

and CoFe2O4–JH were first evaluated in an O2-saturated 0.1 mol/L

KOH solution using a rotating ring-disk electrode (RRDE). The

catalysts consist of a physical mixture of oxides and conduc-

tive carbon before loading on the RRDE electrode with a load of

0.25 mgoxide/cm
2. As shown in cyclic voltammograms (CVs, Fig. 4a

and Fig. S13 in Supporting information), all the four catalysts dis-

play no reduction peak in an Ar atmosphere while one distinguish-

able reduction cathodic peak is observed in an O2 atmosphere, in-

dicating the ORR catalytic capability. ORR polarization curves were

further obtained at an electrode rotating rate of 1600 rounds per

minute (rpm) and a scan rate of 5 mV/s. In Figs. 4a, b and d,

CoMn2O4-JH exhibited a best ORR performance with an onset po-

tential (Eonset) of 0.94 V, a half wave potential (E1/2) of 0.79 V and a

Tafel slope of 83.9 mV/dec. The E1/2 value of Co3O4–JH, Mn3O4–JH

and CoFe2O4–JH were 0.77, 0.78 and 0.76, respectively. The electron

transfer number is acquired by linear sweep voltammograms (LSV)

with RRDE at different rotating rates (Fig. S12 in Supporting infor-

mation), and the electron transfer number of Co3O4–JH, Mn3O4–JH,

CoMn2O4–JH and CoFe2O4–JH are 3.62, 2.96, 3.92 and 2.68 at a po-

tential of 0.4 V (Fig. 4c). The ECSA of spinels were calculated by the

plot of CVs at different scan rates, and CoMn2O4–JH had the high-

est Cdl of 5.8 mF/cm2 (Fig. S11 in Supporting information). Fig. 4e

showed the comparison of oxygen reduction catalytic performance

of different components of spinel materials. It can be seen that the

synthesis of spinel using Joule heating had comparable oxygen re-

duction performance, which proved that Joule heating is a feasible

method for high throughput synthesis.

In summary, we designed a general synthesis method of spinel

oxides as oxygen reduction catalysts by a brief precipitation pre-

cursor - Joule heating method, products can be calcined on the

carbon paper within 15 s. The method we developed has lower

time and energy costs compared to traditional methods, accord-

ing to Table S1 (Supporting information). In-situ TEM revealed the

changes of morphology and elements with a C-B-A process, and

reasonable control of reaction conditions could regulate the oxy-

gen content and particle size of the target products, providing

a feasible way to obtain defective oxide nanoparticles. The four

kinds of spinel demonstrated by this method had uniform nano-

morphology and favorable oxygen reduction performance, among

which CoMn2O4–JH had a half-wave potential of 0.79 V. It is worth

mentioning that different components of spinel can be synthesized

simultaneously according to the synthesis conditions. The carbon

paper used as the substrate can be reused after cleaning with

ethanol, also reducing waste. This demonstrates a viable path to

develop continuous, high-throughput nano spinel oxides synthesis

strategies using Joule heating to further reduce costs and achieve

greater market competitiveness.
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Fig. 4. (a) LSV curves of four spinel oxides synthesized by Joule heating method. (b) The halfwave potential versus RHE of spinel products. (c) K-L plot and electron transfer

numbers of spinel products. (d) Tafel plot. (e) Comparison of properties of spinel oxygen reduction catalysts in references [7,34–37].
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