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A B S T R A C T

The traditional vacuum carbothermal reduction (VCTR) process is severely hampered by sluggish processing 
kinetics, typically reaction time of several hours, which is time and energy consuming. Additionally, the obtained 
magnesium powder poses a significant risk of explosion. Here a Joule-heating vacuum carbothermal reduction 
(JHVCTR) process is developed for the preparation of bulk magnesium with uniform temperature profiles, rapid 
heating/cooling, and short reaction times. MgO in CaO⋅MgO-C pellets can be reduced by the JHVCTR process 
within 120 s with a reduction rate of 95.83 %. The kinetic analysis demonstrates that the reaction between MgO 
and C is dominated by the phase boundary reaction, and the activation energy is 169.1 kJ•mol− 1. Theoretical 
analysis based on Joule’s law indicates that Joule heating can form an extremely high-temperature C-MgO 
interface, which facilitates the processing reactions. Meanwhile, molecular dynamics (MD) simulations and 
density functional theory (DFT) calculations demonstrate that the applied electric field during the JHVCTR 
process can reduce the binding ability of MgO, thereby enhancing its reactivity and facilitating the reaction rate. 
Then, the resulted magnesium vapor is successfully condensed into a compact magnesium bulk with high purity 
at 647 ◦C. Thermodynamic analysis confirms that high condensation temperatures can mitigate the inverse re
action between magnesium vapor and CO. Besides, the scale-up trials are also conducted to explore the feasibility 
of the JHVCTR process for the industrial production of magnesium. Overall, the JHVCTR process potentially 
provides a rapid and safe approach for the production of magnesium.

1. Introduction

Magnesium is a critical alkaline earth metal with enormous reserves. 
Magnesium and its alloys are extensively used in the aerospace, vehicle, 
desulfurization, metallurgy, solid-state hydrogen storage, and biomed
ical [1–4] due to their excellent physical and chemical properties, such 
as low structural density, high specific strength, good biocompatibility, 
and recyclable features [5]. In recent years, the market demand for 
magnesium has been increasing dramatically at 10 % annual increments 
[6]. Meanwhile, the price of magnesium, which in the past few years 
fluctuated around $2000 ton− 1, skyrocketed to more than $11,000 ton− 1 

in September 2021 [7]. This stimulates the commercial developments 
for the production of magnesium.

Currently, the common routes for commercially preparing magne
sium include thermal reduction and electrolysis. Among them, the 
Pidgeon process (silicon thermal reduction) is the dominant contributor 
because of its small capital cost and low technical threshold, which has 
produced approximately 85 % of the global primary magnesium in 

China [8]. However, the Pidgeon process features energy intensive and 
carbon intensive, with the energy consumption and carbon footprint up 
to 162–288 MJ and 26–42 kg CO2 equivalent (CO2e) per kg of magne
sium produced [9]. Particularly, the adopted ferrosilicon alloy reductive 
agent is not only expensive but also the preparation process has sub
stantial environmental concerns. Therefore, the magnesium industry is 
trying to transition to cleaner production under the restrictions of tighter 
environmental policy to realize carbon neutral in China.

Over the past decades, the vacuum carbothermal reduction (VCTR) 
process (MgO + C = Mg + CO) has attracted extensive attention for its 
excellent potential to save energy, reduce costs, minimize byproducts, 
and reduce carbon dioxide emissions. The VCTR process typically pro
duces magnesium through the thermal reduction of calcined dolomite 
(CaO·MgO) or calcined magnesite (MgO), reacting with cheap carbo
naceous reductant (such as charcoal, activated carbon, and coke) under 
vacuum. Compared to the Pidgeon process, the VCTR process results in 
63.14 %, 69.16 %, 66.67 %, and 90.45 % lower in consumption of re
sources and energy, greenhouse gas (GHG) emissions, and solid waste 
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generation, respectively [10]. So far, many investigators explored the 
physicochemical fundamentals involving the process mechanism [11], 
thermodynamics [12], and kinetics [13] of the VCTR reaction, the cat
alytic behavior of CaF2 [14], the mechanism of reverse reaction [15] and 
the condensation laws of magnesium vapor [16] to improve reduction 
efficiency and quality of the product. Nevertheless, some drawbacks in 
the VCTR process still need to be overcome. First, VCTR is a thermally 
driven solid–solid reaction [17], which was controlled by sluggish mass 
transfer of the C atoms and MgO. Hence, to obtain a high reduction rate 
of MgO, the heating duration of VCTR reaction with hours (1–4 h) at 
1350–1500 ◦C is necessary [18], which typically results in high energy 
and time consumption. Moreover, hours at a high temperature can easily 
lead to serious sintering of MgO particles, consequently causing a 
decrease in the reaction activity of MgO and a loss of contact between 
MgO and C [19,20], thereby hindering the reduction of MgO. Besides, 
the inverse reaction between produced magnesium vapor and CO (Mg +
CO = MgO + C) in the condensation process is an inevitable bottleneck, 
destroying the quality of the product. Extensive efforts to overcome the 
critical problem include condensing within a cold gas, into hydrocarbon 
oils, and onto solid particles [21], as well as supersonic quenching using 
Laval nozzle [22]. However, all of these technologies lead to a vital issue 
of generating fine powders through ultra-fast nucleation and growth, 
which has the potential risk of self-ignition or even explosion [23]. 
Therefore, a new technique is urgently required for the rapid prepara
tion of magnesium and the effective condensation of magnesium vapor 
in the VCTR process.

Recently, Joule-heating technology has emerged as a hot research 
topic due to its high efficiency and rapidity, that has been extended in a 
range of materials preparation and metallurgical process [24,25], 
including for the evaporative separation of metals from electronic waste 
[26], the heavy metal removal from coal fly ash for low-carbon footprint 
cement [27], the electrothermal chlorination separation of individual 
critical metals from electronic waste [28], and even the cleaner calci
nation of dolomite for magnesium production through carbothermal 
reduction [29].

In this work, we for the first time reported the rapid preparation of 
bulk magnesium by Joule-heating vacuum carbothermal reduction 
(JHVCTR) process. Fig. 1 shows the schematic illustration of the prep
aration process of magnesium by JHVCTR and traditional VCTR. In the 
traditional VCTR process, the sample is slowly heated by thermal radi
ation in an electric furnace. Due to the sluggish processing kinetics, the 
reduction period usually proceeds with hours. Then, the produced 
magnesium vapor is rapidly quenched and obtains fine magnesium 
powder. In our proposed JHVCR process, an in-situ Joule-heating 
technique was developed to drive the vacuum carbothermal reduction 
reaction of MgO, which can instantaneously heat the sample to high 
temperatures. Due to kinetics-dominated characteristics, the reduction 
process can be completed within 120 s, which constrains the sintering of 
MgO particles, increasing the reduction rate of MgO, and, more 

importantly, potentially reducing the energy consumption compared 
with traditional VCTR process. Meanwhile, the produced magnesium 
vapor is vacuum deposited onto a radiation-heated condenser and well- 
crystallized bulk magnesium is obtained. Herein, the JHVCTR process is 
systematically studied. The optimum reaction parameters (input power 
density and reaction time) and condensation temperature are deter
mined. Moreover, the reaction mechanism of JHVCTR and the vacuum 
condensation are revealed. Furthermore, the potential scalability of the 
JHVCTR process for the production of magnesium is investigated in the 
laboratory. In summary, our research provides a promising strategy for 
rapid, efficient, and high-quality preparation of bulk magnesium.

2. Experimental section

2.1. Materials

Calcined dolomite (CaO⋅MgO), semi-coke, and fluorite were ob
tained from the Yulin TianLong magnesium Co. LTD. The relative con
tent of each chemical composition is shown in Table 1. Graphite (purity, 
>98 %) was bought from Tianjin Zhiyuan Chemical Reagent Co., Ltd.

2.2. Magnesium production via the JHVCTR process

For the production of magnesium, calcined dolomite and semi-coke 
were used as magnesium resource and reductant, respectively. They 
were ground into powder with a particle <50 μm. Graphite with a 
particle size of 4–8 μm worked here as a conductive additive. Fluorite 
with a particle size of 10–15 μm was used as the catalyst. First, calcined 
dolomite powder, semi-coke powder (in a C/MgO molar ratio of 1.5), 
graphite (5 wt%), and fluorite (5 wt%) were evenly mixed by using a ball 
mill (XQM-0.4A) for 1 h. Then, 0.42 g of the mixture was pressed to form 
a CaO⋅MgO-C pellet (6 mm in diameter and 8 mm in height) under 15 
MPa. Next, the pellet was placed into the homemade JHVCR device (as 
Fig. 2a), linked by two graphite electrodes with an alternating-current 
source, and then rapidly heated (in about 1–2 s) to the set tempera
ture (1250–1450 ◦C, determined in real time by a PT-300B infrared 
thermometer and altered by precisely regulating the input power den
sity) for 30–180 s in 10 Pa to carry out the reduction reaction between 
MgO and C. After the reaction, the pellet was quickly quenched (in about 

Fig. 1. Schematic illustration of the preparation process of magnesium by JHVCTR process and traditional VCTR process.

Table 1 
The relative content of each chemical composition in calcined dolomite, semi- 
coke, and fluorite (wt.%).

Calcined dolomite CaO MgO SiO2 Al2O3 Fe2O3

56.31 42.15 0.84 0.22 0.15
Semi-coke Fixed carbon Ash Sulfuric Volatile component

75.77 19.88 2.33 2.02
Fluorite CaF2 P SiO2 S Fe2O3

95.04 0.22 1.11 0.62 2.22
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3–5 s) to room temperature triggered by turning off the power. As shown 
in Fig. 2b, the average heating and cooling rate of Joule-heating 
approached 1000 and 350 ◦C⋅s− 1, respectively. Finally, the volatile 
magnesium vapors were deposited onto a condenser (alumina ceramic 
plate: 50 × 20 × 1 mm, heated by thermal radiation of hot CaO⋅MgO-C 
pellet, and the temperature of the condenser was controlled by regu
lating the distance between the condenser and heated CaO⋅MgO-C pel
let) to obtain the magnesium product. An example of a residual 
CaO⋅MgO-C pellet code is RP-58. The RP denotes the acronym of re
sidual pellet, and 58 denotes the reduction rate of MgO (molar per
centage) in CaO⋅MgO-C pellet.

2.3. Reduction rate analysis and characterizations

The reduction rate of MgO in CaO⋅MgO-C pellets was calculated 
according to Eq. (1). 

αr =
mb − ma

mb
(1) 

where αr (wt%) denotes the reduction rate of MgO; mb and ma denotes 
the mass of MgO in CaO⋅MgO-C pellets before and after reduction.

The crystalline structure and surface morphology of the raw 
CaO⋅MgO-C pellets, residual CaO⋅MgO-C pellets, and obtained magne
sium product were investigated by scanning electron microscope (SEM, 
Hitachi S-4800) and powder X-ray diffractometer (XRD, Bruker D8 

Fig. 2. (a) The schematic of the JHVCTR device. (b) Temporal evolution of temperature during the Joule-heating.
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Advance, Cu Kα radiation, λ = 1.54 Å, 0.02◦⋅s− 1), respectively. The 
average crystalline sizes of MgO and CaO in CaO⋅MgO-C pellets before 
and after the JHVCTR process were calculated by using the Scherrer 
formula (Eq. (2)). 

Da =
kλ

βcosθ
(2) 

where Da (nm) denotes the average size of crystallite; k (0.89) denotes 
the Scherrer constant; λ (nm) denotes the wavelength of the scanned X- 
ray; β denotes the full width at half maximum (FWHM) of the diffraction 
peak, and θ (◦) denotes the Bragg angle of the diffraction peaks.

The Quantitative analysis of obtained magnesium products was 
conducted by energy-dispersive spectroscopy (EDS).

2.4. Simulations of temperature distribution during Joule-heating

Finite element (FE) simulations were carried out using COMSOL 
Multiphysics 5.6 to study the steady-state temperature distribution of 
CaO⋅MgO-C pellets during Joule-heating under the different input 
power density (0.3, 0.35, 0.4, 0.45, 0.5 and 0.55 W⋅mm− 3). The electric 
conductivity, thermal conductivity, and density of CaO⋅MgO-C pellets 
were set as 40 S⋅m− 1, 120 × (300/T)⋅W⋅(m− 1⋅K− 1), and 1.86 g⋅cm− 3, 
respectively.

2.5. Kinetics studies

Kinetics studies of the reaction between MgO and C during the 
JHVCTR process were carried out using Eqs. (3)–(5). 

dαr

dt
= krf(αr) (3) 

g(αr) = krt (4) 

kr = Aexp(
Ea

RT
) (5) 

where αr denotes the reduction rate of MgO; t (s) denotes the reaction 
time; kr (s− 1) denotes the reduction rate constant; f(αr) denotes the re
action kinetics model; g(αr) denotes the definite integral function of the 
reaction kinetics model f(α); Ea (J•mol− 1) denotes the activation energy; 
A (s− 1) denotes the frequency factor; R (8.314 J•mol− 1•K− 1) denotes the 

gas constant, and T (K) denotes the thermodynamic temperature.

2.6. Molecular dynamics simulations and first-principles density 
functional theory calculations

The effect of the applied electrical field on MgO reduction during the 
JHVCTR process was probed by the molecular dynamics (MD) simula
tions and the first-principles density functional theory (DFT) calcula
tions using the Cambridge Sequential Total Energy Package (CASTEP) 
embedded in Material Studio.

In order to verify the interaction between MgO and C with and 
without an applied electrical field, a structure model of C on MgO (100) 
(Fig. 3a) was constructed for the MD simulations. In the simulations, a 
dynamic relaxation of the whole system was carried out under an NPT 
ensemble with a duration of 1 ps and a time step of 1 fs. The Nose 
thermostat and the Andersen method were collected to control the 
temperature at 1492 ◦C and the pressure at 10 Pa. The applied electrical 
field was in the z-axis direction.

To obtain the change of the electron density, bandgap, density of 
states (DOS), and the system energy of MgO under the different applied 
electric fields, the first-principles DFT calculations were carried out with 
the crystal structure model of MgO (presented in Fig. 3b). For all first- 
principles DFT calculations, the ultrasoft pseudopotential method was 
employed with the cutoff energy of 340 eV. The generalized gradient 
approximation (GGA) method based on the Perdew-Burke-Ernzerhof 
(PBE) functional was used to treat the exchange–correlation interac
tion. A k-point mesh of 8 × 8 × 8 was used. The convergence tolerance of 
energy, the maximum interatomic force, and the maximum displace
ment were set at 1.0 × 10− 5 eV/atom, 0.5 eV/atom, and 1.0 × 10− 3 Å, 
respectively.

3. Results and discussions

3.1. Rapid reduction of MgO with the JHVCTR process

3.1.1. Optimizing JHVCTR parameters
In the JHVCTR process, the temperature of the CaO⋅MgO-C pellets 

was precisely altered by regulating the input power density (0.3 to 0.55 
W⋅mm− 3). As shown in Fig. 4a, the average temperature of CaO⋅MgO-C 
pellets increased as the input power density increased, and could reach 
as high as 1492 ◦C at 0.55 W⋅mm− 3. The FE simulations confirmed that 

Fig. 3. (a) The crystal structure model of MgO. (b) The structure model of C on MgO (100).
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Joule-heating could form a relatively homogeneous temperature distri
bution (Fig. 4b), which guaranteed the uniform thermal effect on 
CaO⋅MgO-C pellets. In order to screen the optimum JHVCTR reaction 
parameters, the effect of input power density and reaction time on the 
MgO reduction reaction with the JHVCTR process was explored 
(Fig. 4c). With a fixed reaction time, the reduction rate of MgO increased 
with input power density constantly. Meanwhile, extending the reaction 
time at a constant input power density led to a similar trend. It was 
observed that when input power density was set at 0.55 W•mm− 3, the 
reduction rate would not improve obviously when the reaction time 
exceeded 120 s. As a consequence, the optimum input power density and 
reaction time were ascertained as 0.55 W•mm− 3 and 120 s (αr = 95.83 
%), respectively, comprehensively considering energy and time con
servation as well as the high reduction rate of MgO. Notably, the 
reduction time of our method is more than 20 times less than the 

traditional VCTR process, indicating its potential for high energy- 
efficient preparation of magnesium.

3.1.2. Characterizations of the residual CaO⋅MgO-C pellets
XRD patterns of these residual CaO⋅MgO-C pellets were shown in 

Fig. 5. The diffraction peaks intensity of MgO gradually weakened as the 
input power density or reaction time increased, which verified the 
conversion of MgO to magnesium in the JHVCTR process. Instead, the 
diffraction peak intensity of CaO remained stable. The result indicated 
that CaO in CaO⋅MgO-C pellets was barely reduced even though the 
actual temperature had exceeded the thermodynamic critical tempera
ture (1279 ◦C at 10 Pa) for CaO reduction. It could be ascribed to that 
carbon was preferentially utilized by MgO reduction with limited carbon 
supply (C/CaO⋅MgO < 2) [30].

To understand the reduced phenomena of the JHVCTR process, the 

Fig. 4. (a) The average temperature and (b) the temperature distribution of the CaO⋅MgO-C pellets during the JHVCR process under various input power densities. 
(c) The reduction rate of MgO in CaO⋅MgO-C pellets under different input power densities and reaction times.
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average crystalline sizes of MgO and CaO (Table 2) in raw and residual 
CaO⋅MgO-C pellets were estimated by the Scherrer formula. Normally 
for traditional VCTR, MgO is expected to be sintered at elevated tem
peratures for a long-lasting duration, thus causing a decay in the reac
tion activity of MgO and loss of contact between MgO with C [19,20], 
which hinders the reduction of MgO. However, in our work, the sizes of 
MgO are only slightly enlarged after the JHVCTR process, owing to short 
reaction time and distinct thermal path (discussed in Section 3.3.1), 
which minimized the sintering effect on MgO reactivity and conse
quently increased the reduction rate of MgO. Compared to MgO, the 
sizes of CaO have increased significantly induced by the low Tammann 
temperature of CaO [31], which accelerates the sintering of CaO. Hence, 
a small amount of MgO surrounded by a close CaO layer is prevented 
from contacting with C, and thus difficult to be completely reduced.

Typically, during the traditional VCTR process, the structure of 
reacted pellets becomes very loose due to the destruction of vigorously 
diffused magnesium vapor and CO, worsening the direct contact be
tween MgO and C, and consequently leading to the increase of diffusion 
space of solid reactants. Hence, a longer reaction time (>1 h) was 
required. Herein, we observed the morphology of residual CaO⋅MgO-C 
pellets obtained at 0.55 W•mm− 3 with different reaction times, as 
shown in Fig. 6. With the extension of reaction time, the volume of the 
residual CaO⋅MgO-C pellets shrunk gradually and the pores on the sur
face increased continually. However, it is noted that residual CaO⋅MgO- 
C pellets remain relatively dense, which guarantees good contact be
tween MgO and C during the JHVCTR process. Therefore, the interfacial 
reaction of MgO and C can be carried out rapidly (120 s).

3.2. Reaction kinetic studies

In order to better understand the mechanism of MgO reduction by 
the JHVCTR process, the reaction kinetics were studied. According to 
the reports in previous literature [32], the reaction of MgO and C was 
mainly controlled by the phase-boundary reaction, the diffusion process 
of product, and the nucleation process of product, which could be rep
resented by Eqs. (6)–(8), respectively.

For the phase-boundary reaction: 

g(αr) = 1 − (1 − αr)
1/3 (6) 

For the diffusion process of product: 

Fig. 5. XRD patterns of the residual CaO⋅MgO-C pellets after the JHVCTR process at an input power density (a) 0.3 W⋅mm− 3, (b) 0.35 W⋅mm− 3, (c) 0.4 W⋅mm− 3, (d) 
0.45 W⋅mm− 3, (e) 0.5 W⋅mm− 3, and (f) 0.55 W⋅mm− 3 with different reaction times.

Table 2 
The average crystalline sizes of CaO and MgO in raw and residual CaO⋅MgO-C 
pellets.

Pellets CaO (200) MgO (200)

FWHM Average size (nm) FWHM Average size (nm)

RP-0 0.169 49.7 0.166 50.6
RP-28.64 0.164 51.2 0.161 52.1
RP-50.07 0.161 52.1 0.158 53.1
RP-74.38 0.159 52.8 0.157 53.5
RP-95.28 0.143 58.9 — —

“—” represents blank data, because no diffraction peak of MgO was detected in 
RP-95.28.
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g(αr) = 1 − 2/3αr − (1 − αr)
2/3 (7) 

For the nucleation process of product: 

g(αr) = ln(1/(1 − αr)) (8) 

The relationship between each g(αr) and time is shown in Fig. 7a–c. 
Moreover, the linear fitting curves of the relationship between lnkr and 
1/T of the phase-boundary reaction, the diffusion process of product, 

and the nucleation process of product were shown in Fig. 7d. It is found 
that the phase boundary reaction has the maximum reaction rate con
stant value (kr) and best correlation coefficient (R2 = 0.9881). Hence, 
the g(αr) of phase boundary reaction could be used to accurately 
describe the rapid reduction reaction of MgO by the JHVCTR process. 
And the corresponding activation energy is 169.1 kJ⋅mol− 1, which is 
lower than those reported in the literature [13,20]. Notably, the value is 
also lower than the self-diffusion activation energy of Mg2+ (332 

Fig. 6. Morphology of residual CaO⋅MgO-C pellets obtained at 0.55 W•mm− 3 with different reaction times.

Fig. 7. The relationship between g(αr) and time, (a) 1 − (1 − α)1/3, (b) − ln(1 − α/3), (c) 1 − 2α/3 − (1 − α)2/3. (d) Linear fitting curves of the relationship between 
lnkr and 1/T of phase-boundary reaction, diffusion process of product, and nucleation process of product.
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kJ⋅mol− 1) in MgO [33], indicating that the reduction reaction of MgO in 
the JHVCTR process is not determined by solid-state diffusion. These 
results suggest that the JHVCTR process has a more positive effect on 
MgO reduction by decreasing the activation energy, which enhances the 
reaction between MgO and C.

3.3. Mechanism of enhanced reduction by JHVCTR process

3.3.1. Analysis of thermal effects induced by Joule-heating
To explain the role of the thermal effect on strengthening reduction 

of MgO in the JHVCTR process, we analyzed the local thermal envi
ronment in CaO⋅MgO-C pellets induced by Joule-heating based on 
Joule’s law. And the schematic diagram is shown in Fig. 8. Compared to 
the CaO⋅MgO particles in the CaO⋅MgO-C pellet, graphite and semi-coke 
are more conductive and experience a larger power dissipation, pro
ducing local high-temperature hotspots [34,35]. These hotspots allow 
effective Joule heating and form an extremely high-temperature C-MgO 
interface with directly contacted CaO⋅MgO particles [36], which facili
tates the processing reactions and accelerates the mass transfer. Mean
while, CaO⋅MgO particles still maintain a relatively low interface 
temperature, which is helpful to mitigate the sintering behavior of MgO. 
Of course, the featured rapid reaction time of the JHVCTR process also is 
one of the key factors for small MgO crystalline sizes. Additionally, due 
to the high thermal conductivity of carbon, effectually triggering the 
thermal transformation to the whole pellet, a spatially averaged tem
perature distribution can be established. Hence, we believe that the local 
thermal environment in CaO⋅MgO-C pellets induced by Joule-heating is 
one of the reasons for facilitating the carbothermal reduction of MgO.

3.3.2. Underlying mechanism of the applied electrical field affecting MgO 
reduction

In this section, MD simulations were performed to explore the 
interaction between MgO and C with and without applied electrical 
field. As illustrated in Fig. 9a, under the applied electrical field-free 
condition (0 V⋅Å− 1), the distance of the C2-O2 bond and the C1-O1 
bond reached ~1.15 Å (the bond length of CO molecule) at 240 fs and 
290 fs (Fig. 9c), respectively. When the applied electrical field of 1 V⋅Å− 1 

is added (Fig. 9b), the same characteristics of the C2-O2 bond and the 
C1-O1 bond can be captured at 48 fs and 357 fs (Fig. 9d), respectively. 
The calculated average formation time of CO molecules with the applied 
electrical field (1 V⋅Å− 1) is 203 fs, which is ~31 % shorter than that 
without the applied electrical field (265 fs). The results indicate that the 
occurrence of applied electrical field plays a critical role in the rapid 
reduction of MgO in the JHVCTR process, which can be ascribed to the 
ability of applied electric fields to catalyze chemical reactions [37,38]. 

To our knowledge, this is the first time that the enhancement of applied 
electric field for carbothermal reduction of MgO was directly observed 
in an MD simulation.

To further validate the underlying effect of the applied electrical field 
on MgO reduction during the JHVCTR process, DFT calculations were 
performed. Fig. 10a shows the electron density of MgO under different 
applied electric fields. With the increase of the applied electric fields, 
some electrons were gradually transferred from the O atom to the Mg 
atom, which suggested that the interaction between the O atom and the 
Mg atom was weakening and the covalent bond was being disrupted 
between these two atoms. According to the calculated energy band 
structure (Fig. 10b), the increased applied electric fields result in a 
narrower bandgap of MgO. This leads to lower energy requirements for 
electron excitation, resulting in the generation of more free electrons 
and defects [39]. These excited electrons can be accelerated by the 
applied electric fields and collide with other electroneutral molecules, 
transmitting kinetic energy. Eventually, the diffusion flux of ions (Mg2+, 
O2− ) can be increased by energetic molecules and resulting defects, 
which enhances the reduction of MgO [39]. Fig. 10c illustrates the DOS 
of MgO under varying applied electric fields. As the intensity of the 
applied electric field increased from 0 to 2 V⋅Å− 1, the conduction band 
shifted downwards towards the Fermi energy level (Ef), resulting in a 
narrower bandgap. This observation aligns with the aforementioned 
analysis of the energy band structure. Furthermore, the new orbital 
hybridization caused some DOS peaks to split into smaller peaks, indi
cating a weakening of the binding energy between the O atom and the 
Mg atom and making chemical bonds easier to break. In general, the 
energy of a compound is often used as a descriptor for its chemical 
stability. In this study, the system energy of MgO was calculated under 
various applied electric fields (Fig. 10d). The results show that the 
applied electric field significantly increased the system energy of MgO, 
leading to a decrease in its stability, which is beneficial for the reduction 
of MgO.

3.4. Condensation process of produced magnesium vapor

Based on previous studies [16,40], the condensation process is the 
key to control the quality of the magnesium products. In this part, we 
studied the condensation behaviors of magnesium vapor at different 
condensation temperatures (controlled by regulating the distance be
tween the condenser and the heated CaO⋅MgO-C pellet) under an opti
mized reaction temperature (1492 ◦C) in the JHVCTR process. The 
relationship between the temperature of the condenser and the distance 
was displayed in Fig. 11a. When the distance was 5, 8, and 11 mm, the 
temperature of the condenser was 647, 520, and 458 ◦C. And the 

Fig. 8. Schematic of the thermal path induced by Joule-heating.
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corresponding products were noted as Mg-647, Mg-520, and Mg-458, 
respectively. The digital photographs and SEM images of these prod
ucts are shown in Fig. 11b–j, which had obvious morphological differ
ences. It is observed that as the condensation temperature decreases, the 
size of the products decreases apparently and the surface of the products 
changes gradually from dense to porous. In general, the condensation 
behaviors of magnesium vapor are controlled by the nucleation process 
and growth process. For the nucleation process, as the condensation 
temperature decreased, and both the critical nucleation radius of the 
atoms and the required nucleation atom number decreased, the nucle
ation of magnesium vapor benefited [41]. However, lower condensation 
temperature would cause magnesium vapors to nucleate simultaneously 
and reduce the chances of collision between Mg atoms in the growth 
process, thus resulting in magnesium powder [42]. Hence, it is condu
cive to grow dense crystal structure of magnesium by increasing the 
condensation temperature appropriately. Besides, the Kelvin equation 

[41] revealed that higher vapor pressure of magnesium was favorable 
for the condensation of magnesium vapor at higher condensation tem
peratures. Compared to the traditional VCTR process, the JHVCTR 
process has a shorter reaction time and higher vapor pressure of mag
nesium. This means that the JHVCTR process is easier to produce bulk 
magnesium with dense crystal structure.

To further determine the quality of these products, XRD and EDS 
were performed. XRD patterns (Fig. 12a) show that the diffraction peaks 
intensity of C and MgO increased with decreased condensation tem
peratures, which indicated that C and MgO contents in the obtained 
products were increased by decreasing the condensation temperatures. 
Meanwhile, quantitative EDS analysis (Fig. 12b) shows the elemental 
contents of C, O, and Mg in the obtained products. Mg-647 has the 
highest Mg content and lowest C and O contents, reaching 98.31 wt%, 
0.78 wt%, and 0.91 wt%, respectively, which is coincident with XRD 
patterns. This phenomenon can be ascribed to the dense structure of Mg- 

Fig. 9. (a and b) Variables of C–O distance versus simulation time (applied electric field = 0 and 1 V⋅Å− 1) at 1492 ◦C. (c) Simulated results of MgO (100)-C at 240 
and 290 fs with an applied electric field of 0 V⋅Å− 1. (d) Simulated results of MgO (100)-C at 48 and 357 fs with an applied electric field of 1 V⋅Å− 1.

Fig. 10. The results of First-principles DFT calculations of MgO under different applied electric fields (0, 0.5, 1, 1.5, and 2 V⋅Å− 1). (a) Schematic of electron density, 
(b) calculated band structure, (c) total and partial DOS, and (d) the change of system energy.
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647, thereby forming a low surface area, which decreases the contact 
with CO. Besides, the thermodynamic advantage is also an important 
reason. As shown in Fig. 12c, the decreased temperature is capable of 
reducing the value of Gibbs free energy (ΔG), suggesting that lower 
temperature is thermodynamically preferred for the inverse reaction. 
Note that the stoichiometric ratio of oxygen to carbon is close to 1:1, 
coinciding with the thermodynamic prediction (Fig. 12d, carried out by 
HSC 6.0 software), which confirms that MgO in the products has ensued 
from the inverse reaction (MgO + C = Mg + CO). According to the above 
results, the higher condensation temperature is beneficial to mitigate the 
inverse reaction between produced magnesium vapor and CO.

3.5. Scale-up trials

The scale-up trials of the JHVCTR process were conducted on the 
laboratory scale to explore its potential for industrial preparation of 
magnesium. Here, large-sized CaO⋅MgO-C pellets (3.78 g in weight, 18 
mm in diameter and 8 mm in height, as the inset in Fig. S1a) were 
adopted. To maintain similar temperature features (temperature distri
bution shown in Fig. S1a, average temperature about 1492 ◦C), we 
increased the input power density (0.62 W•mm− 3). We were still 
capable of obtaining a high reduction rate of MgO (αr = 93.04 %, 
Fig. S1b) after 120 s, which is comparable with the values achieved 
using the small-sized CaO⋅MgO-C pellets (αr = 95.83 %). In addition, we 
traced the condensation behaviors of the produced magnesium vapor in 
the scale-up system. A larger size condenser (alumina ceramic plate: 
100 × 30 × 1 mm) was used. The condenser is heated by thermal ra
diation of the hot CaO⋅MgO-C pellet, where the core region 
(560–647 ◦C) of the condenser has a higher temperature compared to 
the edge region (385–560 ◦C) due to its proximity to the heat source. The 

majority of the magnesium vapor (73.72 %) was condensed on the core 
region of the condenser, while the minority of the magnesium vapor 
(26.28 %) was condensed on the edge region of the condenser (Fig. S2). 
We ascribe the phenomenon to the large evaporation area of magnesium 
vapor and uneven temperature distribution of the condenser in the scale- 
up trial. The magnesium product collected from the core area has a 
denser structure (Fig. S3) and a higher magnesium content (Fig. S4) than 
that collected from the edge area. This is in agreement with the results in 
Section 3.4.

Due to the short reaction duration of JHVCTR process, the produc
tion rate of magnesium above 200 g⋅day− 1 has been realized in the 
laboratory. Given that the size of CaO⋅MgO-C pellets can be scaled up to 
tens of kilograms, the JHVCTR process could hold great promise for 
high-throughput mass production of magnesium. Additionally, the 
automated operation achieved by mechanical devices can further 
improve the output for future production. Notably, the power of the 
JHVCTR process can be supplied by renewable electricity readily, 
whereas the reduction of MgO can be driven by renewable energy re
sources (including solar light, wind, and so on), facilitating the whole 
process to more environment-friendly and sustainable. Overall, our 
proposed approach holds massive potential for the practical preparation 
of magnesium. However, due to the need for a vacuum environment, the 
continuous operation of the JHVCTR process remains challenging, as 
with the traditional VCTR process. Therefore, a number of scientific and 
technological issues still need to be addressed.

3.6. Energy consumption assessment

Additionally, the energy consumption of the JHVCTR process was 
evaluated (Supplementary Note 1) and compared with the traditional 
VCTR process. Owing to the in-situ heating nature, rapid heating/ 
cooling rate, volumetric heating feature, and the short reaction times, 
the JHVCTR process is highly efficient and energy-saving. The energy 
consumption of the JHVCTR process was estimated to be 5.42 × 107 

kJ⋅ton− 1
Mg (Fig. S5), which is 4.58 % lower than that of the traditional 

VCTR process (5.68 × 107 kJ⋅ton− 1
Mg) [10]. Therefore, the JHVCTR pro

cess for magnesium production could have advantages over the tradi
tional VCTR process.

4. Conclusion

Herein, we developed a JHVCTR process for the preparation of bulk 
magnesium, which features uniform temperature profiles, rapid heat
ing/cooling, and short reaction times. Firstly, the optimum JHVCTR 
reaction parameters (input power density and reaction time) were 
screened, comprehensively taking into account energy and time con
servation as well as the high reduction rate. As a result, the reduction 
rate of MgO of 95.38 % was achieved within 120 s at 0.55 W⋅mm− 3. The 
kinetic analysis demonstrates that the reaction between MgO and C is 
dominated by the phase boundary reaction, and the activation energy is 
169.1 kJ⋅mol− 1. Based on Joule’s law, we proposed a mechanism that 
Joule heating could form an extremely high-temperature C-MgO inter
face, which facilitated the processing reactions. Moreover, MD simula
tions and DFT calculations demonstrated that the applied electric field 
during the JHVCTR process could reduce the binding ability of MgO, 
thereby enhancing its reactivity. Furthermore, we studied the conden
sation behaviors of magnesium vapor at different condensation tem
peratures. The bulk magnesium with a dense structure and high purity 
was obtained at 647 ◦C. Thermodynamic analysis confirmed that high 
condensation temperatures could mitigate the inverse reaction between 
magnesium vapor and CO. Finally, the scale-up trials verified the po
tential feasibility of the JHVCTR process for the industrial production of 
magnesium. Therefore, we believe that the JHVCTR process proposed 
could be a promising approach for the rapid and safe preparation of 
magnesium.

Fig. 11. (a) The longitudinal temperature profile of condenser (the tempera
ture of the heated CaO⋅MgO-C pellet is 1492 ◦C). (b–j) Digital photographs and 
SEM images of Mg-647, Mg-520, and Mg-458.
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