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Abstract: Coal gangue (CG) and coal gasification coarse slag (CGCS) possess both hazardous and
resourceful attributes. The present study employed co-roasting followed by H2SO4 leaching to
extract Al and Fe from CG and CGCS. The activation behavior and phase transformation mechanism
during the co-roasting process were investigated through TG, XRD, FTIR, and XPS characterization
analysis as well as Gibbs free energy calculation. The results demonstrate that the leaching rate
of total iron (TFe) reached 79.93%, and Al3+ achieved 43.78% under the optimized experimental
conditions (co-roasting process: CG/CGCS mass ratio of 8/2, 600 ◦C, 1 h; H2SO4 leaching process:
30 wt% H2SO4, 90 ◦C, 5 h, liquid to solid ratio of 5:1 mL/g). Co-roasting induced the conversion of
inert kaolinite to active metakaolinite, subsequently leading to the formation of sillimanite (Al2SiO5)
and hercynite (FeAl2O4). The iron phases underwent a selective transformation in the following
sequence: hematite (Fe2O3) → magnetite (Fe3O4) → wustite (FeO) → ferrosilite (FeSiO3), hercynite
(FeAl2O4), and fayalite (Fe2SiO4). Furthermore, we found that acid solution and leached residue
both have broad application prospects. This study highlights the significant potential of co-roasting
CG and CGCS for high-value utilization.

Keywords: co-roasting; H2SO4 leaching; phase transformation; Al; Fe extraction

1. Introduction

Coal gangue (CG) is a solid waste generated in the process of coal mining and washing,
constituting approximately 10–15% of the total coal production [1,2]. Currently, China’s
coal gangue reserves amount to around 7 billion tons, with its production continuously
increasing each year, making it one of the largest industrial wastes [3,4]. Coal gasification
slag (CGS) is a solid waste generated by the coal gasification process. It primarily consists
of residual materials derived from raw coal, which undergo a series of processes including
crushing, melting, sintering, gasification, deposition, and accumulation. Ultimately, CGS
comprises residues that have not undergone redox and gasification reactions. Depending on
the particle size, it can be further classified into two categories: coal gasification coarse slag
(CGCS) and coal gasification fine slag (CGFS) [5]. The coal gasification process consumes
approximately 100 million tons of coal annually, with the national production of CGS
exceeding 60 million tons per year and showing exponential growth [6]. The deposition of
CG and CGS typically occurs in open piles on vacant land. Despite the distance from urban
areas, the accumulation of substantial quantities of coal-based waste residues still engrosses
significant land resources and poses a grave ecological threat. The environmental concerns
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encompass air pollution caused by dust, water pollution, and soil contamination from
heavy metals (Cu, Cd, Cr, Pb, Zn, Hg, and Sn), as well as various geological hazards [7,8].
Additionally, the oxidative spontaneous combustion during stacking of CG and CGS
results in the emission of detrimental gases such as CO2, CO, H2S, SO2, and NOx [9]. In
addition, both CG and CGS exhibit high concentrations of silicon, aluminum, iron, and
titanium. The primary constituents of CG include quartz, clay minerals, and carbonaceous
materials [10]. On the other hand, the mineral composition of CGS is predominantly
composed of amorphous alumino-silicates, crystalline phase minerals, and residual carbon.
Amorphous alumino-silicates account for over 60% of the total composition while quartz
and calcite dominate the crystalline phase minerals [11].

At present, the comprehensive utilization of CG and CGS is primarily concentrated in
areas such as combustion and power generation, construction materials, fertilizers, chemical
product extraction and preparation, boiler blending, and ecological restoration [12–14].
However, the comprehensive utilization rate of both CG and CGS in China significantly lags
behind that of developed countries. Therefore, it is strategically imperative to undertake
extensive utilization of CG and CGS. Leaching is a widely used method for metal extraction
and can be performed using various types of solvents and reagents. It involves dissolving
the metal from the raw material into a liquid solution, which can then be further processed
to isolate the metal. Leaching represents an energy-efficient process that can be optimized to
minimize waste generation and mitigate environmental impact. Nevertheless, it is crucial to
consider the potential environmental consequences associated with any extraction method
and opt for the most environmentally friendly alternative whenever feasible.

Currently, the main methods regarding the extraction of aluminum from coal gangue
(CG) and coal gasification slag (CGS) are alkali and acid methods [15,16]. Alkali methods,
including sintering and leaching [16], have been extensively studied for the extraction of
alumina from CG and CGS. However, the sintering method requires high temperatures
(around 1100 ◦C to 1200 ◦C), resulting in increased energy consumption and significant
emission of dicalcium silicate residue [17]. In addition, the alkali leaching method enables
the alumina in CG and CGS to transform into a sodium aluminate solution, while iron
and titanium become insoluble residue, resulting in a waste of resources. Additionally,
alkaline solutions dissolve silica in CG and CGS, necessitating an additional desilication
process [18]. Consequently, the application of alkali methods for aluminum extraction is
not promising.

Compared with alkali methods, acid extraction offers competitiveness and suitability
for treating CG and CGS due to its advantages such as a shorter process duration, lower
energy consumption, easy separation of silica and aluminum components, as well as
thorough separation. Although there are fewer studies on iron extraction from CG and CGS
at present time, common methods include acid leaching extraction or reductive roasting-
magnetic separation. Reduction roasting-magnetic separation involves roasting under
a reducing atmosphere (e.g., H2 [19,20], methane, or natural gas [21]), which facilitates
rapid conversion of hematite to magnetite in CG and CGS followed by magnetic separation
to obtain magnetite. Similar to acid extraction of aluminum, acid extraction of iron also
possesses these advantages. However, it should be noted that acid leaching extraction
usually requires pre-activation when extracting iron and aluminum from CG and CGS.

Various methods, including mechanical activation and thermal activation (roasting ac-
tivation, and microwave activation) [22–24], have been reported as effective pre-activation
approaches for acid leaching to extract the available components in CG and CGS. How-
ever, a single activation method often fails to achieve efficient extraction, leading to the
adoption of composite activation methods in current research for extracting its active
ingredients [25,26]. Qin et al. [23] employed a combination of mechanical grinding, low-
temperature roasting, and deionized water leaching to extract aluminum and other trace
elements from CG. The fully ground CG was sieved through a 100-mesh sieve and mixed
according to the mass ratio of CG:NH4Cl:(NH4)2SO4 = 1:2:1. Subsequently, the mixture
was subjected to roasting at 400 ◦C for 1 h in a muffle furnace. The roasted sample was
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placed in a conical flask of 20 mL of 0.4 m deionized water and shaken at 60 ◦C for 1 h.
The final leaching yields of Al, Li and Fe were 56.35%, 80.83% and 32.77%, respectively.
Han et al. [27] used an acid-base combination method, wherein a 2.0 mol/L KOH solution
was utilized as an activator to immerse the activated CG in a hydrochloric acid solution
(2.0 mol/L) for 2 h. The resulting acid leach solution was subsequently evaporated at
110 ◦C for 2 h, yielding extraction rates of Al3+ and Si4+ after drying that reached as high
as 78.9% and 69.2%, respectively. Shao et al. [2] proposed a recovery technology using a
combination of thermal activation + HNO3 leaching to treat CG. Following milling, the CG
was subjected to thermal activation at 550 ◦C for 0.5 h in a muffle furnace. Under optimized
leaching conditions (150 ◦C, theoretical HNO3 dosage, liquid-solid ratio of 5:1 mL/g, and
2 h), extraction rates of aluminum, gallium, lithium, and iron were achieved at 95.2%,
56.4%, 80.5%, and 2.1%, respectively. Additionally, flotation is also a valuable method to
upgrade solid particles before leaching [28,29], which can not only improve the efficiency
and quality of aluminum and iron extraction by acid leaching, but also minimizes the
process cost and environmental pollution. Moreover, it finds extensive application in the
efficient recovery of minerals, solid waste, as well as heavy metal ions present in water.

In these methods, the leaching rate of valuable metal elements is influenced not only by
process conditions but also by the composition of CG and CGS. These existing techniques
are difficult to directly replicate and apply. Furthermore, most studies focus on single
coal-based waste residues such as CG, CGS, and fly ash, with limited research on extracting
valuable metal elements from two or more coal-based waste residues. Therefore, it is
necessary to explore a leaching process condition that can simultaneously extract valuable
metal elements from both CG and CGS. It should be noted that both CG and CGCS contain
fixed carbon which can act as a reducing agent during the reduction roasting process. Based
on current research progress, an innovative approach involving co-roasting and H2SO4
leaching was proposed for extracting valuable metal elements (Al, Fe) from CG and CGCS.
This study addresses the gap in synergistic extraction of valuable metal elements from both
CG and CGCS; compared to separate extraction methods, it improves the leaching rate
of valuable metal elements while reducing energy consumption and H2SO4 dosage. The
aim of this method is to provide technical support for achieving synergistic extraction of
valuable metal elements from two or more coal-based waste residues.

2. Results and Discussion

2.1. Optimization of Co-Roasting Parameter

The influence of CGCS content on the extraction efficiency of valuable metal elements
was investigated by thoroughly mixing CG with CGCS in a specific ratio, followed by flat
placement in a corundum crucible and co-roasting in a tubular pyrolysis furnace at 700 ◦C
for 1 h. Simultaneously, the leaching conditions were set as follows: leaching temperature
of 50 ◦C, H2SO4 concentration of 30 wt%, liquid to solid ratio of 5:1 mL/g, and leaching
time of 5 h.

As depicted in Figure 1a, in the absence of CGCS addition, the leaching rates of Al3+

and TFe were merely 23.74% and 57.22%, respectively. With an increase in CGCS content,
the leaching of Al3+ exhibited a non-linear trend with an initial decrease followed by
an increase before declining again, reaching its peak at 32.69% for a content of 20 wt%.
Conversely, the leaching rate of TFe gradually increased and reached its maximum value of
69.52% when the CGCS content was at 25 wt%. This behavior can be attributed to the lower
percentage of Al3+ content compared to that of TFe within CGCS, resulting in an enhanced
release of TFe as more CGCS is added. Additionally, the decrease in the extraction rate of
Al3+ can be attributed to the relatively low initial Al content in the CGCS sample compared
to CG. As the amount of CGCS added increases, there is a gradual reduction in the overall
Al content in the mixed raw material, ultimately leading to a decline in the extraction rate
of Al3+. Furthermore, there was a notable rise in carbon content which facilitated sufficient
CO generation for hematite (Fe2O3) reduction. Considering both the high proportion of
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CG present in the co-roasting mixture and elevated aluminum concentration within CG
itself, it was deemed appropriate to select a CGCS addition level at 20 wt%.

  

Figure 1. (a) The effect of different CGCS content on the leaching rates of Al3+ and TFe, (b) the effect
of different co-roasting temperature on the leaching rates of Al3+ and TFe (co-roasting process: 1 h;
H2SO4 leaching process: 30 wt% H2SO4, 50 ◦C, 5 h, liquid to solid ratio of 5:1 mL/g).

As shown in Figure 1b, the effect of co-roasting temperature on the extraction of
valuable metal elements was investigated by incorporating 20 wt% CGCS, while keeping
other conditions such as liquid to solid ratio constant. With the increase in co-roasting
temperature, the leaching rates of Al3+ and TFe initially exhibited an upward trend followed
by a decline. At 600 ◦C, the leaching rate of TFe reached a peak of 68.47%, indicating that
the reduction effect of co-roasting was optimized at this time. This can be attributed to
the temperature-induced promotion of hematite (Fe2O3) reduction to magnetite (Fe3O4)
and wustite (FeO). However, as the temperature continued to rise, the leaching rate of
TFe gradually decreased due to potential formation of other substances that hindered iron
phase reduction in the co-roasting process. The leaching rates of Al3+ were measured at
32.21% and 32.69% at temperatures of 600 ◦C and 700 ◦C, respectively, which could be
attributed to metakaolinite becoming inert material beyond 700 ◦C resulting in minimal or
even negative impact on leaching rates’ enhancement. Therefore, considering both leaching
rates’ performance and economic factors, a co-roasting temperature of 600 ◦C was selected.

2.2. Raw Material Characterization

The XRD pattern of CG raw material and mixed raw material are presented in
Figure 2a, revealing predominant mineral constituents including kaolinite, quartz, hematite,
muscovite, and calcite. Figure 2b displays the FTIR spectra of CG raw material and mixed
raw material. The bands observed at 914, 3620 cm−1 and 3653, 3678, 3693 cm−1 can be
attributed to the internal and external OH stretching vibrations in the layered structure of
kaolinite octahedron [30,31]. Additionally, characteristic bands corresponding to Al-O-Si
and Al-O vibrations in kaolinite were identified at 534 and 692 cm−1, respectively [32,33].
Furthermore, absorption peaks at 428 and 1114 cm−1 along with double peaks at 1029 and
1006 cm−1 correspond to the Si-O vibration in kaolinite. Lastly, absorption peaks observed
at 796 and 752 cm−1 are indicative of the Si-O-Si stretching vibration in kaolinite [34,35].
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Figure 2. (a) XRD patterns of CG raw material, mixed raw material; 1—kaolinite; 2—quartz;
3—hematite; 4—muscovite; 5—calcite; (b) FTIR spectra of CG raw material and mixed raw ma-
terial, (c,d) TG and DTG curves of co-roasting process.

The co-roasting of coal gangue and coal gasification coarse slag was divided into
three stages based on the variations in TG and DTG curves, as shown in Figure 2c,d.
Stage I occurred at an onset temperature of 35 ◦C–336.51 ◦C, accompanied by moisture
evaporation. Stage II, ranging from 336.51 ◦C to 700.05 ◦C, involved the release of volatiles,
carbon burning, and observed structural hydroxyl desorption of kaolinite [31,36]. This
stage exhibited a maximum DTG peak with a value of 0.569%/min at a corresponding
temperature of 700.05 ◦C. Stage III existed within the range of 700.05 ◦C–1000 ◦C and
displayed two DTG peaks at temperatures of 887.53 ◦C and 938.56 ◦C, respectively; this
finding may be attributed to macromolecular organic matter degradation, fixed carbon
decomposition, and mullite formation [37].

2.3. Phase Transformation during Co-Roasting Process

The XRD patterns of the co-roasting products obtained at different co-roasting tem-
peratures are presented in Figure 3a. At 500 ◦C, the diffraction peaks of kaolinite still
persist but with reduced intensity compared to the mixed raw material, indicating partial
decomposition of kaolinite [38]. Upon increasing the temperature from 500 ◦C to 600 ◦C,
the diffraction peaks of kaolinite disappear completely, suggesting successful transforma-
tion from inert kaolinite to active metakaolinite. Notably, active metakaolinite appears
amorphous and does not exhibit any discernible features in XRD analysis [39]. Additionally,
some hematite diffraction peaks vanish at 500 ◦C while a new magnetite phase is detected.
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Figure 3. (a) XRD patterns of 500 ◦C–900 ◦C co-roasting products; (b) XRD patterns of 700 ◦C CG
roasting product, 700 ◦C co-roasting products; 1—kaolinite; 2—quartz; 3—hematite; 4—muscovite;
5—calcite; 6—magnetite; 7—wustite; 8—fayalite; 9—sillimanite; 10—hercynite; 11—ferrosilite.

Further increasing temperature to 600 ◦C, a significant decomposition of hematite
occurred, leading to an increase in the diffraction peaks of magnetite. Meanwhile, the
presence of wustite was observed following co-roasting at 600 ◦C. Subsequently, at tem-
peratures ranging from 700 ◦C–900 ◦C, distinct diffraction peaks corresponding to fayalite,
sillimanite, hercynite, and ferrosilite were identified [40–43]. This observation elucidates
why the reduction of iron phases during co-roasting was impeded and resulted in a min-
imal or even decreased leaching rate of Al3+. Notably, at a co-roasting temperature of
800 ◦C, calcite underwent decomposition while muscovite remained remarkably stable
even when subjected to elevated temperatures up to 900 ◦C.

Figure 3b displays the XRD patterns of the CG roasting product and co-roasting
product at 700 ◦C. As depicted in the figure, compared to the solely CG roasting product
at 700 ◦C, the diffraction peaks of hematite are weaker while those of magnetite are
stronger in the co-roasting product at 700 ◦C, and there is an increase in wustite’s number
of diffraction peaks. This can be attributed to a higher carbon content in mixed raw
material that provides a better reducing atmosphere and promotes further reduction of
iron phases [44,45]. Additionally, there are more diffraction peaks for sillimanite in CG
roasting products than co-roasting products which result in a lower leaching rate for Al3+.

The aforementioned results demonstrate that the temperature increase and carbon
presence contribute to the reduction of iron phase in the co-roasting process. However,
excessively high temperatures lead to sintering of wustite with Si and Al in the mixed
raw material, resulting in the formation of other iron phases which impede iron phase
reduction. Simultaneously, as temperature increases, metakaolinite reacts with Si and Fe
in the mixed raw material to form sillimanite and hercynite, consequently reducing the
leaching rate of Al3+.

The co-roasting products were characterized using FTIR analysis. As depicted in
Figure 4, at a co-roasting temperature of 500 ◦C, the gradual removal of the hydroxyl group
from kaolinite resulted in the absence of absorption peaks associated with OH stretching
vibrations (3693, 3678, 3653, 3620, and 914 cm−1), indicating the initiation of kaolinite
transformation into metakaolinite [18,31]. Simultaneously, a decrease in the intensity of
Al-O-Si stretching vibration at 534 cm−1 suggested that the dehydroxylation process was
accompanied by the disruption of Al-O-Si bonds and exacerbation of crystal defects.
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Figure 4. FTIR patterns of 500 ◦C–900 ◦C co-roasting product.

With the further increase in co-roasting temperature, the Si-O vibration peaks at 1006
and 1029 cm−1 merge into a broadband peak at 1020 cm−1, which subsequently shifts to
shorter wavelengths between 500 ◦C–800 ◦C. This shift is attributed to the enhanced orderli-
ness of the silicate structure [45]. During the transformation of kaolinite into metakaolinite,
as metakaolinite gradually loses its ordering and average bond angle increases within the
Si-O-Si network, the stretching vibration peak at 471 cm−1 assigned to Si-O-Si weakens
and broadens with increasing temperatures from 500 ◦C–800 ◦C [46].

Significantly, the adsorption bond located at 875 cm−1 associated with inert sillimanite
(Al2SiO5) was detected after co-roasting at temperatures ranging from 700 ◦C to 900 ◦C [45].
Furthermore, the characteristic peaks of hercynite (FeAl2O4) related to Fe-O at 579 cm−1

and Al-O bond at 722 cm−1 were observed after co-roasting within the temperature range
of 800 ◦C–900 ◦C [47]. These findings are consistent with the XRD results, providing further
evidence for the formation of new inert components contributing to the decrease in leaching
rates of Al3+ and TFe.

In addition to XRD and FTIR, XPS analysis was conducted to characterize the mixed
raw material and co-roasting products. The effect of co-roasting on the atomic valence
characteristics of mineral surfaces was investigated through XPS analysis in Figure 5.
Figure 5a illustrates the comprehensive survey scans of the six samples, revealing that
Si, Al, Fe, O, C, K, Ca, Mg, and Na were the predominant elements at the surface. These
findings align with the chemical composition and proximate analysis of raw materials.

In Figure 5b, the high-resolution XPS survey of Fe2p for these six samples reveals that
the Fe2p3/2 peak exhibits a narrower width, higher intensity, and larger area compared
to the Fe2p1/2 peak due to spin-orbit (j-j) coupling [48–50]. The Fe2p spectrum of the
mixed raw material indicates that the two photoelectron peaks at binding energies of
726.9 eV (Fe2p1/2) and 712.79 eV (Fe2p3/2) can be attributed to Fe3+, which appears
to correspond with the presence of Fe3+ in the hematite phase [51,52]. Additionally, the
observed photoelectron peaks related to Fe(II) minerals in trace amounts seem to represent
contributions from Fe2+ species.

According to Figure 5b, the Fe2+ content of the co-roasting product at 500 ◦C exhibited
an increase, with the ratio of Fe2+/Fe3+ rising from 1.06 to 1.12. Additionally, lower binding
energy revealed a low intensity peak of Fe2+, indicating the transformation of hematite after
co-roasting and contributing to the presence of magnetite in the product at 500 ◦C [51,53].
This suggests that reduction from the Fe3+ state to Fe2+ has occurred [54]. Moreover, these
findings align with those obtained from XRD analysis as evidenced by satellite peaks
(714.98 eV and 729.18 eV) observed in the co-roasting product at 600 ◦C for Fe2+. The ratio
of Fe2+/Fe3+ further increased to 1.18 during this stage. Since magnetite does not exhibit
satellite peaks [49,55], it can be inferred that these satellite peaks are attributed to wustite
based on XRD analysis results, signifying that the transition from magnetite to wustite
has already taken place. Specifically, with the increase in co-roasting temperature, the
binding energy positions of the maxima of the Fe2p3/2 and Fe2p1/2 peaks were shifted
from 710.4 eV and 724.2 eV to 709.72 eV and 723.32 eV, with negative shifts of 0.68 eV
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and 0.88 eV, respectively, compared to the mixed raw material. Moreover, there was an
increase in the Fe2+/Fe3+ ratio to 2.43, indicating a change in the chemical environment
where more divalent iron is present (i.e., alterations in types and quantities of elements
bound to it [56]). Combining these findings with XRD analyses, it can be attributed that
within the co-roasting product at temperatures ranging from 700 ◦C–900 ◦C, Fe2+ originates
from two sources: a minor contribution from magnetite formation and transformation of
wustite into fayalite, hercynite, and ferrosilite phases.

 

Figure 5. XPS analysis (a) survey scan XPS spectra for mixed raw material, and 500 ◦C–900 ◦C
co-roasting products; XPS survey of Fe2p for (b) mixed raw material, and 500 ◦C–900 ◦C co-roasting
products.

The XPS results mentioned above provide robust evidence supporting the transforma-
tion of hematite phase into magnetite, wustite, fayalite, hercynite, and ferrosilite phases
during the co-roasting process. Additionally, this phase transformation process resulted in
a reduction in both TFe and Al3+ leaching rates.

2.4. Co-Roasting Reaction Mechanism

The reactions that may occur during the co-roasting process of mixed raw material
are enumerated as Equations (1)–(11) [57,58]. Thermodynamic calculations for some of the
reactions were performed using HSC 9.0 software, and the temperature dependency of
ΔrGθ is illustrated in Figure 6.

3Fe2O3 (s) + C (s) → 2Fe3O4 (s) + CO (g) (1)

3Fe2O3 (s) + CO (g) → 2Fe3O4 (s) + CO2 (g) (2)

6Fe2O3 (s) + C (s) → 4Fe3O4 (s) + CO2 (g) (3)

Fe3O4 (s) + C (s) → 3FeO (s) + CO (g) (4)

Fe3O4 (s) + CO (g) → 3FeO (s) + CO2 (g) (5)

8
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FeO (s)+Al2O3 (s) →FeAl2O4(s) (6)

FeO (s) + SiO2 (s) → FeSiO3(s) (7)

2FeO (s) + SiO2 (s) →Fe2SiO4(s) (8)

Al2O3·2SiO2·2H2O (s) →Al2O3·2SiO2 (s) + 2H2O (g) (9)

Al2O3·2SiO2(s)+0.5Fe2O3(s)+0.5C (s)→FeAl2O4(s)+2SiO2(s)+0.5CO (g) (10)

2[Al2O3·2SiO2] (s) → 0.5Al2SiO5(s)+1.5SiO2 (s)+[Al2O3·2SiO2] (s) + 0.5[γ− Al2O3] (s) (11)

 
Figure 6. Diagram of Gibbs free energy (ΔrGθ) versus temperature for reactions occurring during
the co-roasting process of mixed raw material.

Due to the unavailability of data on metakaolinite, the phase transformation tempera-
ture of kaolinite during thermal activation is inferred from experimental findings reported
by literature [59,60]. The transition temperature from kaolinite to metakaolinite ranges
between 500 ◦C and 700 ◦C [Equation (9)].

The diagram in Figure 7 illustrates the mechanism of co-roasting CG and CGCS.
During the co-roasting process, hematite (Fe2O3) is reduced to magnetite (Fe3O4), which
further undergoes reduction to wustite (FeO) due to the presence of fixed carbon in CG
and CGCS. Subsequently, wustite (FeO) reacts with Si and Al elements in the mixed raw
material, resulting in the formation of iron phases such as ferrosilite (FeSiO3), hercynite
(FeAl2O4), and fayalite (Fe2SiO4). Additionally, kaolinite present in the mixed raw material
undergoes dehydration into metakaolinite, which then transforms into sillimanite (Al2SiO5)
and hercynite (FeAl2O4). In summary, CGCS enables efficient reduction of iron minerals in
CG while also enhancing leaching rates of Al3+ and TFe.

2.5. Optimization of H2SO4 Leaching Parameter

After conducting the co-roasting experiment, a significant enhancement in the activity
of aluminum and iron was observed. Consequently, batch experiments were conducted
to investigate the optimal leaching conditions, encompassing H2SO4 concentration and
leaching temperature.

As can be seen from Figure 8a, the effect of H2SO4 concentration (10–50 wt%) on the
extraction of valuable metal elements were investigated under this conditions, including
a CGCS content of 20 wt%, co-roasting in a tubular pyrolysis furnace at 600 ◦C for 1 h,
leaching temperature of 50 ◦C, liquid to solid ratio of 5:1 mL/g, and leaching time of 5 h.

9
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With the increase in H2SO4 concentration, the leaching rates of Al3+ and TFe exhibited
an initial upward trend followed by a plateau. Specifically, at an H2SO4 concentration of
30 wt%, the leaching rate of TFe was measured to be 68.47%, while that of Al3+ was found
to be 32.21%. Subsequently, further increases in H2SO4 concentration only resulted in
marginal changes in the leaching rates of Al3+ and TFe, indicating near-complete reaction
between Al3+, TFe, and H2SO4 at a concentration of 30 wt%. Therefore, it can be inferred
that co-roasting pretreatment with CG and CGCS achieves optimal leaching efficiency
when using an H2SO4 concentration of 30 wt%.

 

Figure 7. Mechanism of co-roasting of CG and CGCS.

  

Figure 8. (a) The effect of H2SO4 concentration on the leaching rates of Al3+ and TFe, (b) the effect of
leaching temperature on the leaching rates of Al3+ and TFe (co-roasting process: CG/CGCS mass
ratio of 8/2, 600 ◦C, 1 h; H2SO4 leaching process: 5 h, liquid to solid ratio of 5:1 mL/g).

The effect of leaching temperature (50 ◦C–100 ◦C) on the extraction of valuable metal
elements were investigated, as depicted in Figure 8b. In this study, the H2SO4 concentration
was fixed at 30 wt%, while other conditions such as the liquid to solid ratio were maintained
constant. As shown in Figure 8b, the leaching rates of Al3+ and TFe at 50 ◦C were only
32.21% and 68.47%, respectively. As the temperature increased, both the leaching rates of
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Al3+ and TFe gradually improved; when the temperature reached 90 ◦C, the leaching rate
of TFe reached 79.93%, while that of Al3+ was recorded as 43.78%. This can be attributed
to enhanced diffusion processes and chemical reaction rates with increasing temperature,
leading to more complete reactions. Moreover, beyond a temperature of 90 ◦C, further
increases had minimal impact on enhancing the leaching rates of Al3+ and TFe significantly.
Therefore, a leaching temperature of 90 ◦C was selected.

2.6. Analysis of Mixed Raw Material, Co-Roasting Product and Leached Residue

The mixed raw material, as well as the co-roasting product and leached residue
obtained under optimal conditions, were characterized to analyze their differences. The
SEM-EDS images of the three samples are recorded and presented in Figure 9. As depicted
in Figure 9a, the particle size distribution of the mixed raw material exhibits non-uniformity,
while displaying a typical lamellar structure of kaolinite. In Figure 9b, it can be observed
that despite dehydroxylation of kaolinite into metakaolinite during co-roasting, the lamellar
structure still exists, which may be attributed to the fact that although the AlO2(OH)4
octahedral layer is damaged, the SiO4 tetrahedral layer can still maintain the lamellar
structure. Furthermore, Figure 9c presents a scanning electron microscope image of the
leached residue revealing evident signs of erosion. This indicates that after leaching
aluminum and iron with sulfuric acid, the microstructure of aluminosilicates is disrupted.
Additionally, both co-roasting product and leached residue exhibit some pore structures.

 

 

 

Figure 9. SEM and EDS images of mixed raw material (a), co-roasting product (b), and leached
residue (c).
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The EDS diagram in Figure 9 reveals a significantly higher mass percentage of elemen-
tal Ca in the leached residue compared to the other two samples, which may be due to the
reaction of sulphuric acid with CaO in the samples to generate calcium sulphate, resulting
in the enrichment of calcium ions in the leached residue.

The particle size distribution of the mixed raw material, co-roasting product, and
leached residue is illustrated in Figure 10. The average particle sizes of the mixed raw
material, co-roasting product, and leached residue were determined to be 151.10 μm,
103.87 μm, and 42.86 μm, respectively. Notably, the leached residue exhibited the smallest
average particle size among all samples investigated, consistent with SEM observations
and further confirming its abundant pore structure.

Figure 10. The particle size distribution of the mixed raw material, co-roasting product, and leached
residue.

2.7. Prospects and Challenges in the Application of Acid Solution and Leached Residue

Table 1 illustrates the Chemical composition (wt%) of leached residue and chemical
content (g/L) of an acid solution. As given in Table 1, alumina, potassium oxide, iron
oxide and sodium oxide from the co-roasting product were partially dissolved in the acid
solution, while calcium oxide and magnesium oxide reacted with sulphuric acid and were
deposited in the leached residue, and the leached residue had the largest percentage of SiO2;
this is in agreement with the results of XRD analyses (Figure S3) of the leached residue.

Table 1. Chemical composition (wt%) of leached residue and chemical content (g/L) of an acid solution.

SiO2 Al2O3 K2O
Fe (Fe2O3, Fe3O4,

FeO, etc.)
S (CaSO4,

MgSO4, etc.)
Na2O Others

The chemical
composition (wt%)
of leached residue

74.29 13.44 3.31 1.34 0.524 0.492 6.604

Al2(SO4)3 FeSO4 Fe2(SO4)3 K2SO4 Na2SO4 Others

The chemical
content (g/L) of an

acid solution
0.82 0.92 0.09 0.02 0.01 <0.01

Most of the existing coal-based waste treatment technologies focus solely on extracting
valuable metal elements from a single type of coal-based waste residue, neglecting the
synergistic extraction potential of multiple types of coal-based waste residues. In this
study, a combination of CG and CGCS co-roasting + H2SO4 leaching was employed to
extract valuable components (Al, Fe) from the acid solution, resulting in a leached residue
with high silicon content and abundant pore structures. This indicates that both the acid
solution and leached residue obtained in this study possess rich usable resources; however,
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effectively harnessing their value while minimizing environmental pollution remains a
significant challenge. The technologies for disposal of coal-based waste residues have been
systematically summarized and compared, with results presented in Table 2.

Table 2. Summary and comparison of coal-based waste residues disposal technologies.

Substance Methods Reagents Extraction Application Ref.

Acid solution
(high-iron CG) Calcination + acid leaching HCl Al: 90%

Fe: 91%
Preparation of

PAFC flocculants [61]

Acid solution
(high-alumina

fly ash)

Acid leaching +
direct-electricity conversion

technology + roasting
HCl No reported Preparation of

Al2O3
[62]

Aacid solution
(coal-bearing

kaolinite)

Mechanical grinding + acid
leaching H2SO4 Al: 100% Preparation of

γ-Al2O3 powder [63]

Leached residue
(CG) Calcination + acid leaching HCl No reported Preparation of

NaA zeolite [64]

Leached residue
(CGFS) Calcination + acid leaching HCl

The total leaching
rate of all metal

oxides: 80%

Preparation of
mesoporous silica [65]

Leached residue
(CGS)

Non-hydrothermal sol–gel
method No reported No reported Preparation of

MCM-41 [66]

Acid solution
and leached
residue (CG)

High temperature acid
leaching HCl Al: 92.54%

SiO2: 96.01%
Preparation of
Al2O3 and SiC [15]

Acid solution and
leached residue
(CG and CGCS)

Co-roasting + acid leaching H2SO4
Al: 43.78%
Fe: 79.93%

Preparation of
aluminium-iron
flocculants and

mesoporous silica

This
work

We believe that the findings of these studies highlight the potential applications and
benefits of utilizing H2SO4 acid solution and coal-based waste leached residue, providing
technical support for the proper handling of acid solution and leached residue. It is
crucial to note that adherence to regulations and guidelines is essential in handling these
leaching wastes to minimize their environmental impact. Furthermore, our next step
involves utilizing aluminum and iron ions present in the acid solution for fabricating
coal-based waste residues-based aluminum-iron flocculants, which can be applied in
treating industrial wastewater such as coal slurry water and dye wastewater, with a view
to achieving the purpose of treating wastes with wastes. Simultaneously, we also focus on
preparing mesoporous materials from acid-leached residue, with subsequent systematic
investigations planned.

3. Materials and Methods

3.1. Materials

The CG and CGCS used in this study were obtained from Yan’an City, Shaanxi
Province, China. The CG and CGCS were crushed and then ground with a rod mill
for 2–3 min, passing through a 100-mesh sieve. The used H2SO4 was of analytical reagent
and was purchased from Xi ‘an Jiuheng Huaye Equipment Co., Ltd. The experiments were
conducted using deionized water.

The chemical compositions of CG and CGCS, as well as their proximate analysis, are
presented in Table 3.
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Table 3. Chemical composition and proximate analysis of CG and CGCS (mass, %).

Substance SiO2 Al2O3 Fe2O3 K2O MgO CaO Others LOI

Chemical
composition

Content in CG 58.02 20.87 10.67 4.41 2.17 1.34 2.52 20.10
Content in CGCS 28.80 10.51 20.23 1.37 2.36 31.93 4.80 36.75

Substance Moisture Ash Volatiles Fixed carbon

Proximate
analysis

Content in CG 1.7 85.81 9.93 2.56
Content in CGCS 2.15 74.88 5.78 17.19

The Sulphur content of CG and CGCS both are <0.1%.

3.2. Experimental Procedures

The schematic in Figure 11 illustrates the co-roasting experiment of CG and CGCS,
consisting of two main steps: co-roasting and H2SO4 leaching. In a typical co-roasting
experiment, the as-received CG was thoroughly mixed with CGCS in a specific ratio, placed
flat in a corundum crucible, and subjected to co-roasting at predetermined temperatures
(500 ◦C–900 ◦C) and duration (1 h) using a tubular pyrolysis furnace (model GSL-1500X).
The tubular pyrolysis furnace is filled with N2 gas to provide a reduced atmosphere. To
investigate the effect of co-roasting+H2SO4 leaching conditions on the extraction efficiency
of valuable metal elements, the leaching process was conducted under the following
conditions: leaching temperatures ranging from 50 ◦C to 100 ◦C, H2SO4 concentration
varying from 10 wt% to 50 wt%, liquid to solid ratio set at 5:1 mL/g, and a leaching
time of 5 h. The optimization process of the above experimental conditions is shown
in Figures S1 and S2. The co-roasting product was subjected to H2SO4 leaching in a flat-
bottomed flask equipped with a condensing device.

Figure 11. Schematic of CG and CGCS co-roasting experiment.

Firstly, the co-roasting product obtained under optimal co-roasting conditions was
mixed with predetermined amounts of H2SO4 at a specified liquid to solid ratio. Sub-
sequently, the resulting slurry was transferred to a flat-bottomed flask equipped with a
condensing device and subjected to reaction in a thermostatic magnetic water bath pot,
while maintaining a stirring speed of 150 r/min. Once the temperature of the mixed slurry
reaches the predetermined temperature, the timing for the reaction begins. After the re-
action, the slurry is cooled to room temperature and filtered. Evaluate the concentration
of Al3+ and total iron (TFe) in the leaching solution, determine the ratio of Al3+ and TFe
in the leaching solution to that in the mixed raw material, and subsequently calculate the
leaching efficiency. These indicators of aluminum and iron leaching rates in the leaching
solution serve as performance assessment metrics for evaluating the effectiveness of the
co-roasting process.
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The equation for determining the leaching rate is as follows:

ηAl3+/TFe =
m
M

× 100% (12)

where η represents the recovery rates of Al3+ and TFe, while m and M denote the Al3+ and
TFe contents in the leaching solution and mixed raw material, respectively.

3.3. Characterization Methods

The chemical compositions of both the CG, CGCS, and leached residue were analyzed
by X-ray fluorescence (XRF, Tokyo Rigaku Co., Simultix 12, Tokyo, Japan). XRF analysis was
conducted with an Rh target, Si (Li) crystal detector, and calibrated based on fundamental
parameters. Proximate analysis of the CG and CGCS was performed according to GB/T
212-2008 standards [67]. The pyrolysis characteristics of CG and mixed raw material were
recorded using a thermogravimetric analyzer (TGA 8000 Perkin Elmer, Waltham, MA, USA)
from 35 ◦C to 1000 ◦C in a nitrogen atmosphere at a flow rate of 20 mL/min. The heating
rates of 10 ◦C/min were set to research the pyrolysis characteristics. The mineral phase-
evolution features of the samples were conducted by X-ray diffraction technique (XRD;
Bruker D8 ADVANCE, Ettlingen, Germany) with Cu Kα radiation from 10◦ to 80◦ at a scan
speed of 10 ◦/min. The chemical bonds and functional groups in the samples were analyzed
through a Fourier transform infrared spectrometer (FTIR; Bruker VERTEX 70, Ettlingen,
Germany) within the wavenumber range of 400–3800 cm−1. XPS analysis was performed
on a ULVAC Inc. spectrometer equipped (XPS, ULVAC PHI 5000 VersaProbe 4, Chigasaki,
Japan) with monochromatic Al Kα radiation as an excitation source, and the analyzed area
of 400 μm in diameter. Raw data obtained were processed by the XPS Peak Fits software
package (version number: XPSpeak 41) to fit all spectra. A scanning electron microscope
(JSM-6390A, Jeol, Tokiyo, Japan) was used to analyze the microscopic morphology and
the type and percentage of elements of samples. The particle size distribution of the
samples was determined using a laser particle size analyzer (EyeTech, S/N 60296, Carlton,
VIC, Australia). Analysis of the composition of the leaching solution was performed by
using spectrophotometry.

4. Conclusions

The present study proposes an innovative approach of co-roasting and H2SO4 leaching
to extract valuable metal elements (Al, Fe) from CG and CGCS, aiming at their treatment.
Through thermodynamic analyses and systematic experimental investigations, the follow-
ing outcomes were obtained:

(1) The effects of various factors on the extraction efficiency of valuable metal elements
(Al, Fe) were investigated through single factor experiments. Under optimal condi-
tions including 20 wt% CGCS content, 600 ◦C co-roasting temperature for 1 h followed
by leaching at 90 ◦C with a liquid to solid ratio of 5:1 mL/g using a H2SO4 concen-
tration of 30 wt%, a TFe leaching rate of 79.93% was achieved along with an Al3+

leaching rate of 43.78% after a leaching time of 5 h. Furthermore, we found that acid
solution and leached residue both have broad application prospects.

(2) The activation behavior and phase transformation mechanism during the co-roasting
process were investigated through Gibbs free energy calculation, as well as XRD, FTIR,
and XPS characterization analysis. Inert kaolinite in CG and CGCS was converted to
active metakaolinite after co-roasting. The reaction of metakaolinite with Si and Al
elements from the mixed raw material produced sillimanite (Al2SiO5) and hercynite
(FeAl2O4). Hematite (Fe2O3) was reduced to magnetite (Fe3O4) and wustite (FeO) by
fixed carbon in CG and CGCS. Subsequently, wustite reacted with Si and Al elements
from the mixed raw material to form iron phases such as ferrosilite (FeSiO3), hercynite
(FeAl2O4), and fayalite (Fe2SiO4).
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(3) Co-roasting+H2SO4 leaching provides a novel method for extensive utilization of
CG and CGCS while also offering a new approach for treating two or more types
of coal-based solid waste that can alleviate industry development’s pressure on the
environment.
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//www.mdpi.com/article/10.3390/molecules29010130/s1, Figure S1: Coal gangue H2SO4 leaching
experiments; Figure S2: Coal gangue calcination+H2SO4 leaching experiments; Figure S3: XRD
patterns of leached residue; 1-kaolinite; 2-quartz; 3-hematite; 4-muscovite; 5-calcite; 6-magnetite;
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Abstract: The development of a stable and highly active photocatalyst has garnered significant
attention in the field of wastewater treatment. In this study, a novel technique involving a facile
stirring method was devised to fabricate an array of g-C3N4/ZnO nanowire (ZnO NW) composites.
Through the introduction of g-C3N4 to augment the generation of electron-hole pairs upon exposure
to light, the catalytic efficacy of these composites was found to surpass that of the pristine ZnO NWs
when subjected to simulated sunlight. The photocatalytic performance of a 20 mg·L−1 methylene
blue solution was found to be highest when the doping rate was 25 wt%, resulting in a degradation
rate of 99.1% after 60 min. The remarkable enhancement in catalytic efficiency can be ascribed to the
emergence of a captivating hetero-junction at the interface of g-C3N4 and ZnO NWs, characterized by
a harmoniously aligned band structure. This alluring arrangement effectively curtailed charge carrier
recombination, amplified light absorption, and augmented the distinct surface area, culminating in a
notable boost to the photocatalytic prowess. These findings suggest that the strategic engineering of
g-C3N4/ZnO NW heterostructures holds tremendous promise as a pioneering avenue for enhancing
the efficacy of wastewater treatment methodologies.

Keywords: g-C3N4; ZnO NW; heterostructure; photodegradation

1. Introduction

The swift growth of the socio-economy and chemical industry as resulted in the release
of large volumes of wastewater containing antibiotics and dyes into water bodies, leading
to water pollution. This poses a threat to ecosystems, human health, and the environment,
making it a pressing issue that requires attention [1–5]. Over time, various methods for
the removal of toxic components in wastewater have continued to be devised, including
membrane separation, adsorption, chemical methods, and photocatalytic technology [6–11].
Among these techniques, semiconductor photocatalysis had emerged as one of the most
crucial and promising method due to its ease of handling, good reproducibility, simplicity,
outstanding cost-effective performance, and environmental friendliness [12,13]. Therefore,
designing and developing a novel semiconductor material with broad spectral response,
low cost, outstanding photoactivity, and excellent stability is a key research area in the
quest to improve the efficient utilization of solar energy [14].

Previous studies had investigated numerous semiconductors as efficient photocata-
lysts, such as TiO2 [15], ZnO, SrTiO3 [16], Fe2O3 [17], CdS [18], WO3 [19], and ZnS [20].
Among numerous multifunctional semiconductor metal oxide materials, ZnO had been
widely applied in fields such as luminescent materials, gas sensing, optical devices, solar
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cells, and photocatalysis due to its characteristics including non-toxicity, ease of substitu-
tion, low cost, and stability. As an emerging semiconductor material, ZnO had received
significant attention worldwide for its potential in degrading organic pollutants and is
generally considered one of the most attractive semiconductor materials [21]. While ZnO
offers numerous benefits, its usefulness in practical applications is restricted by its wide
band gap of 3.37 eV and high recombination efficiency of electron-hole pairs. To overcome
these limitations, researchers had employed various strategies, such as doping, surface
modification, and forming nanostructures to improve the optical and electronic charac-
teristics of the materials [22]. So far, fabricating ZnO-based semiconductor composites
has been proved to be an effective route to improving the photocatalytic activity of ZnO.
By utilizing the difference between the conduction bands and valence of various photo-
catalytic materials, this approach successfully segregates photogenerated electrons and
holes, thereby increasing the photocatalytic capability of ZnO. Moreover, semiconductors
with narrow band gaps can absorb visible light, thereby expanding the light-absorption
range of ZnO [23–26]. Li et al. developed the chemical vapor deposition method to syn-
thesis ZnO nanowires (ZnO NWs) decorated with Au NPs on silicon substrates [27]. The
photocatalytic activity of Au/ZnO NWs was found to be significantly higher than that
of pristine ZnO NWs in the degradation of methylene blue (MB) solution under simu-
lated sunlight irradiation. In order to improve the photocatalytic efficiency of ZnO NWs,
Yamina et al. [28] successfully synthesized iron-doped ZnO NWs (Fe/ZnO NWs) by a two-
step hydrothermal method. The Fe/ZnO NWs were tested for their photocatalytic ability
to break down organic pollutants in water using simulated pollutants like MB, methyl
orange (MO), and acid red 14 (AR14). The results showed that doping 1 wt% Fe/ZnO
NWs led to a 9%, 20%, and 5% increase in photodegradation rates of MB, MO, and AR14,
respectively. Z. Braiek et al. [29] synthesized ZnO/In2S3 core/shell NWs on indium tin
oxide substrates through a simple and economical two-step electrochemical method, with
successful results. Experimental results showed that the ZnO/In2S3 core/shell NWs could
completely degrade pollutants within 120 min, with photodegradation rates that were five
times faster than those of pure ZnO NWs. Nevertheless, the existing precursor selections
in these state-of-the-art methods remain inadequate for the practical implementation of
ZnO-based catalysis in wastewater treatment. Major hurdles include their exorbitant costs,
intricate synthesis pathways, and inherent toxicity. Thus, the development of innovative
synthesis techniques becomes imperative in order to fabricate ZnO-based catalytic mate-
rials that can foster the advancement of low-cost, highly efficient, and safe methods for
wastewater purification.

Although the heterojunction between ZnO and g-C3N4 is not new, it is still of paramount
importance in developing a simple, efficient, and low-cost method to synthesize a high-
stability and high-performance catalyst. In this work, a remarkable set of g-C3N4/ZnO
NW composites, showcasing exceptional catalytic performance, remarkable stability, and
effortless recyclability, were successfully synthesized through the meticulous selection
of precursors and the implementation of a novel and straightforward stirring technique.
In the preparation process of ZnO NWs, the samples demonstrated a remarkable level
of reproducibility. This could be attributed to several factors, including the simplicity
of the operation, meticulous control over specific experimental conditions and relevant
parameters, and the excellent reproducibility of the synthesis method employed. Addi-
tionally, the stability and uniformity maintained throughout the synthesis process further
contributed to the exceptional reproducibility observed in the prepared ZnO NW samples.
Due to the slender band gap (Eg = 2.7 eV), ample specific surface area, robust photostability,
and non-toxic, non-polluting nature of the elaborately selected g-C3N4, the as-prepared
g-C3N4/ZnO NW composites showed enhanced photocatalytic performance. The crystal
phase, morphology, chemical composition, valence, optical properties, and specific surface
area of the samples were analyzed by multiple techniques. In addition, the photocatalytic
performance of the prepared catalyst was evaluated through light-induced degradation
experiments of MB. The stability of the catalyst was explored by cycling experiments
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and possible degradation mechanisms were proposed and discussed by analyzing active
species trapping experiments. This study could provide a valuable roadmap for harnessing
the potential of g-C3N4/ZnO semiconductor photocatalysts in the eradication of organic
pollutants from wastewater, paving the way for groundbreaking advancements in the field
of wastewater treatment.

2. Results and Discussion

2.1. XRD and FT-IR Analysis

Figure 1a presented the Fourier transform infrared (FT-IR) spectrum of the g-C3N4,
ZnO NWs, and 25 wt% g-C3N4/ZnO NWs. The peaks observed at 1245.19 cm−1 and
1639.51 cm−1 in the g-C3N4 spectrum were attributed to the C-N and C=N stretching
vibrations in the aromatic carbon–nitrogen heterocycles. Furthermore, a vibration peak
originating from three-s-triazine rings appeared near 812.14 cm−1, which corresponded to
the XRD results and provided further evidence of the graphene-like structure of g-C3N4.
The relatively weaker absorption peak at 546.42 cm−1 could be assigned to the symmetric
stretching vibration of Zn-O, indicating the formation of ZnO crystals. The FT-IR spectrum
of 25 wt% g-C3N4/ZnO NWs was similar to the characteristic spectra of g-C3N4 and ZnO
NWs, providing evidence that g-C3N4 was effectively composited with ZnO NWs while
retaining its typical graphite structure.

 
Figure 1. Characterization diagrams of g-C3N4, ZnO NWs, and 25 wt% g-C3N4/ZnO NWs: (a) IR
pattern and (b) XRD pattern.

Figure 1b shows the X-ray powder diffraction (XRD) patterns of the g-C3N4, ZnO NWs,
and 25 wt% g-C3N4/ZnO NW composites. The XRD pattern of the g-C3N4 showed two
obvious diffraction peaks at 13.0◦ and 27.3◦. The diffraction peak near 13.0◦ belonged to the
(100) plane and represented the distance of the repeating unit in the plane of the conjugated
layer, corresponding to the macrocyclic structure between the three-s-triazine units. The
characteristic peak near 27.3◦ could be attributed to the (002) plane of typical graphitic
layered structure, which was attributed to the interlayer stacking structure of aromatic
hydrocarbons [30]. The characteristic diffraction peaks of the ZnO NWs at 2θ of 31.77◦,
34.42◦, 36.25◦, 47.54◦, 56.59◦, 62.85◦, 66.37◦, 67.94◦, 69.08◦, 72.56◦, and 76.95◦ were assigned
to (100), (002), (101), (102), (110), (103), (200), (112), (201), (004), and (202) crystal faces
(JCPDS NO.99-0111), indicating that ZnO with wurtzite structure was successfully prepared.
The XRD patterns of 25 wt% g-C3N4/ZnO NW composites exhibited the characteristic
peaks of g-C3N4 and ZnO at the same time, and each diffraction peak was sharp without
impurity peaks. The successful preparation of g-C3N4/ZnO NWs was confirmed, and it
was also shown that the resulting samples exhibited excellent crystallinity.
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2.2. XPS Analysis

XPS measurements were conducted to analyze the superficial composition and chem-
ical state of the samples (Figure 2). The full survey spectrum in Figure 2a confirmed the
presence of Zn, O, C, and N elements in the 25 wt% g-C3N4/ZnO NW composite, provid-
ing evidence for the co-existence of 25 wt% g-C3N4 and ZnO NWs in the composite. As
reported previously [31], the two sharp peaks at 1045.2 eV (Zn 2p1/2) and 1022.0 eV (Zn
2p3/2) in Figure 2b matched well with that of Zn2+. In Figure 2c, the characteristic peak of
O 1s at 531.1 eV corresponded to O2− in ZnO. The observed binding energies at 284.7 eV
and 288.5 eV in the C 1s sub-peak spectrum of Figure 2d corresponded to the C-C and
C=N bonds, respectively. In Figure 2e, the strong characteristic peaks of N 1s appeared at
399.1 eV and 400.1 eV, corresponding to C-N=C and N-(C)3, respectively, which further
verified the successful composite of ZnO NWs and g-C3N4. The XPS results provided
additional evidence to support the successful formation of the heterojunction, which was
consistent with the other characterization findings.

 
Figure 2. XPS spectra of 25 wt% g-C3N4/ZnO NWs: (a) survey spectrum, (b) Zn 2p, (c) O 1s, (d) C
1s, and (e) N 1s.

2.3. Morphology and Microstructure Analysis

The morphology of g-C3N4, ZnO NWs, and 25 wt% g-C3N4/ZnO NW samples
was analyzed by scanning electron microscope (SEM). Figure 3a,b show the multilayer
stacked structure of g-C3N4. As shown in Figure 3c,d, the prepared ZnO NWs exhibited a
linear structure with a diameter of approximately 100 nm and a length of approximately
2.433 × 103 nm. The surface of these nanowires presented fine and dense features, without
any apparent orientation or pointed structure. Figure 3e,f clearly indicate that, in addition
to the stacking of g-C3N4 sheets in 25 wt% g-C3N4/ZnO NWs, the linear structure of ZnO
was uniformly distributed on the surface of g-C3N4. This structure could be beneficial
to the formation of heterojunctions to enhance the photocatalytic activity. The lamellar
structure of g-C3N4, the disordered linear structure of ZnO NWs, and the microstructure of
g-C3N4/ZnO NW composites were further analyzed by transmission electron microscopy.
The results of both Figures 3 and 4 illustrate that ZnO was dispersed on the surface of
g-C3N4, which was in line with the findings of XRD and SEM analyses.
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Figure 3. (a,b) SEM images of g-C3N4, (c,d) SEM images of ZnO NWs, and (e,f) SEM images of
25 wt% g-C3N4/ZnO NWs.

 

Figure 4. (a,b) TEM images of g-C3N4, (c,d) TEM images of ZnO NWs, and (e,f) TEM images of
25 wt% g-C3N4/ZnO NWs.
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2.4. Analysis of Optical Properties

In order to assess the rate of recombination of photoinduced charge carriers, photolu-
minescence (PL) emission spectra were measured. The optical properties of g-C3N4, ZnO
NWs, and 25 wt% g-C3N4/ZnO NWs were investigated with an excitation wavelength of
365 nm. As shown in Figure 5a, the PL intensity of 25 wt% g-C3N4/ZnO NWs was much
weaker than that of single g-C3N4. This result indicated that the recombination rate of
photoinduced carriers in the 25 wt% g-C3N4/ZnO NW composite was greatly reduced,
thereby enhancing the photocatalytic activity.

 

Figure 5. (a) Photoluminescence (PL) emission spectra of g-C3N4, ZnO NWs, and 25 wt% g-
C3N4/ZnO NWs and (b) UV-Vis spectra of g-C3N4, ZnO NWs, and 25 wt% g-C3N4/ZnO NWs.

The optical properties of the photocatalyst were analyzed by UV-Vis DRS. Figure 5b
shows the UV-Vis spectra and bandgap diagrams (upper right inset) of g-C3N4, ZnO NWs,
and 25 wt% g-C3N4/ZnO NWs, with Eg values of 2.88 eV, 3.22 eV, and 2.81 eV, respectively.
The successful recombination of g-C3N4 with ZnO NWs resulted in a narrow band gap and
better photo response.

2.5. N2 Adsorption–Desorption Isotherm Analysis

The surface area of the catalysts was measured by testing their specific surface area.
The nitrogen adsorption–desorption isotherms for three different samples are presented
in Figure 6, including g-C3N4, ZnO NWs, and a combination of 25 wt% g-C3N4/ZnO
NWs. According to the data, the measured specific surface areas of g-C3N4, ZnO NWs,
and 25 wt% g-C3N4/ZnO NWs were 22.5233 m2·g−1, 10.2677 m2·g−1, and 15.4558 m2·g−1,
respectively. The analysis of the data showed that the specific surface area of ZnO NWs was
significantly increased after g-C3N4 was combined with ZnO NWs. As the specific surface
area increases in a photocatalytic reaction, contact with the reactants can be achieved more
fully. This is highly beneficial for the later stages of the photocatalytic process.

2.6. Evaluation of Photocatalytic Degradation Performance

MB was used as a simulated pollutant to explore the photocatalytic performance of
the catalyst under visible light irradiation (λ≥ 400 nm). To ensure that MB did not undergo
self-degradation, a blank control experiment was incorporated in the study. Specifically,
20 mg·L−1 MB was subjected to photodegradation without the presence of any catalyst.
Based on the subsequent experimental findings, it can be concluded that MB does not
possess the ability to self-degrade and is suitable for use in subsequent photocatalytic
degradation experiments. It could be seen from Figure 7a that the photocatalytic perfor-
mance of g-C3N4/ZnO series composites was enhanced when compared with single ZnO.
The activity of the photocatalysts followed the order g-C3N4/ZnO NWs, pure ZnO NWs,
and g-C3N4. When the doping ratio of g-C3N4 was 25 wt%, the formed composite material
showed the best performance in degrading MB, and the degradation rate of MB solution
was as high as 99.07% within 60 min. The g-C3N4/ZnO NW composite exhibited excellent

25



Molecules 2023, 28, 5563

photocatalytic performance, which can be attributed to two factors. Firstly, the combination
of g-C3N4 and ZnO NWs increased light absorption and specific surface area. Secondly, the
formation of the heterostructure facilitated the transfer and separation of charge carriers.
The results further indicated that the as-prepared composite was of high photocatalytic
activity and potential ability to efficiently degrade organic pollutants.

 
Figure 6. Nitrogen multilayer adsorption–desorption curves of g-C3N4, ZnO NWs, and 25 wt%
g-C3N4/ZnO NWs.

 

Figure 7. (a) Photocatalytic degradation curves of MB on different prepared samples and (b) degra-
dation kinetics curves of MB with different photocatalysts.

In order to gain a deeper understanding of the mechanism in the photocatalytic
degradation activity of various catalysts for MB, the experimental data in Figure 7a were
fitted with the first-order kinetics according to the formula −ln (Ct/C0) = kt, as shown in
Figure 7b. In this formula, “C0” refers to the initial concentration of MB, “Ct” represents
the concentration of MB after a given illumination time “t”, and “k” denotes the rate
constant of pseudo first order. By plotting the graph of −ln (Ct/C0) versus time “t”, the rate
constants for all photocatalysts were determined from the slope of the straight line. Table 1
lists the corresponding kinetic rate constants and the corresponding MB degradation rates
when using different catalysts. From the analysis of the data, it is worth noting that all
samples exhibited an almost linear curve (R2 > 0.96), which confirmed that the degradation
of MB dye followed pseudo-first-order reaction kinetics. It is well-known that a higher
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photocatalytic activity is achieved with a higher first order constant [32]. The catalytic
reaction rate of the composite catalysts was higher than that of pure ZnO. Moreover, the
k value of 25 wt% g-C3N4/ZnO was the largest (0.08045), and 25 wt% g-C3N4/ZnO also
produced the best degradation effect, which is consistent with the experimental results.

Table 1. Kinetic rate constants of MB degradation rate with different catalysts.

Y = ln(C0/Ct) R2 Degradation Rate (%)

g-C3N4 Y = 0.00653X 0.98 35.21
ZnO Y = 0.03886X 0.96 87.53

10 wt% g-C3N4/ZnO Y = 0.04498X 0.96 90.82
15 wt% g-C3N4/ZnO Y = 0.05332X 0.98 94.80
20 wt% g-C3N4/ZnO Y = 0.05691X 0.98 95.55
25 wt% g-C3N4/ZnO Y = 0.08045X 0.99 99.07
30 wt% g-C3N4/ZnO Y = 0.05156X 0.98 93.99

2.7. Reusability and Stability of the Composites

Apart from exhibiting excellent photocatalytic performance, assessing the reusability
and cycle stability of photocatalysts is a necessary and crucial step in their practical appli-
cation. Therefore, 25 wt% g-C3N4/ZnO NWs were subjected to continuous degradation of
MB to evaluate their recovery availability under identical conditions. After each cycle test,
the catalyst was first subjected to high-speed centrifugation, followed by several washes
with ethanol and water. Finally, the catalyst was dried in an oven at 60 ◦C, ground, and
reused in the next cycle. As shown in Figure 8a, the catalytic degradation efficiency for MB
of 25 wt% g-C3N4/ZnO NWs decreased slightly when the number of degradation cycles in-
creased. The photocatalyst was tested for reusability and cycle stability by conducting three
cycle experiments, where 25 wt% g-C3N4/ZnO NWs were continuously used to degrade
MB under the same conditions. After each cycle, the used catalyst was centrifuged, washed
with ethanol and water, dried at 60 ◦C, and ground before reuse. The results showed that
the degradation rates of MB by the photocatalyst were 97.77%, 94.44%, and 87.67% in the
first, second, and third cycles, respectively. Despite this gradual decline in performance,
the removal efficiency of MB remained high at 80.2% after three degradation−regeneration
runs, indicating the good reusability and cycle stability of the composite photocatalyst.

 
Figure 8. MB degradation by 25 wt% g-C3N4/ZnO NWs: (a) cycle experiment diagram and
(b) capture experiment diagram of related active substances.

2.8. Possible Photodegradation Mechanism

To identify the active species involved in the photocatalytic process, radical species
trapping experiments were carried out by adding quenchers, including EDTA-2Na (h+

scavenger), IPA (·OH scavenger), and BQ (·O2− scavenger). As shown in Figure 8b, the
photocatalytic performance of 25 wt% g-C3N4/ZnO NW was greatly affected by the addi-
tion of EDTA-2Na. Its degradation rate decreased from 99.07% to 29.34%, indicating that h+
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was the main contributor to MB degradation. Adding IPA inhibited the degradation of MB
to some extent, and the degradation rate was reduced from 99.07% to 52.53%, indicating
that ·OH also participated in the photocatalytic reaction process. The introduction of BQ
as a capture agent for ·O2− had little effect on MB degradation, and the degradation rate
decreased from 99.07% to 74.32%. Therefore, ·OH and h+ were the main active species of
the 25 wt% g-C3N4/ZnO NWs in the catalytic degradation of MB under visible light.

Based on the relevant characterization data and experimental results, Figure 9 re-
veals the possible mechanism of complex photocatalytic degradation of MB by 25 wt%
g-C3N4/ZnO NWs. Since the band gaps of g-C3N4 and ZnO NWs were 2.88 eV and 3.22 eV,
respectively, the valence and conduction band positions of g-C3N4 and ZnO NWs were
roughly calculated from the forbidden band width Eg. The CB potential values of g-C3N4
and ZnO NWs were −1.21 eV and −0.32 eV, respectively, and the VB potential values of
g-C3N4 and ZnO NWs were 1.44 eV and 2.9 eV, respectively. Both the CB potential and
VB potential values of g-C3N4 were more negative than those of ZnO NWs, therefore, this
potential difference enabled the formation of a unique heterostructure inside the composite.
Under simulated sunlight illumination, both g-C3N4 and ZnO NWs were activated and
generated photogenerated electron-hole pairs. The e− on the CB of g-C3N4 migrated
rapidly to the CB of ZnO, while the h+ of VB in ZnO migrated to the VB potential of g-C3N4.
This well-matched energy-band structure was conducive to the effective separation of
photogenerated electron-hole pairs between g-C3N4 and ZnO NWs, which improved the
photocatalytic activity of g-C3N4/ZnO NW composites [33].

 
Figure 9. Schematic diagram for the proposed photocatalytic reaction mechanism of 25 wt% g-
C3N4/ZnO NWs.

Compared to O2/·O2− with a reduction potential of −0.33 eV/NHE, the CB position
of g-C3N4 was more negative than O2/·O2− and the potential of CB of ZnO NWs was more
positive. Therefore, the e− at the CB position of g-C3N4 could easily react with dissolved
oxygen to form ·O2− while the e− at the CB position of ZnO NWs could not reduce O2 to
·O2−. Compared to O2/H2O2 with a reduction potential of 0.695 eV/NHE, the e− at the CB
position of ZnO NWs could react with O2 and h+ in water to form ·OH. The VB of g-C3N4
was lower than that of OH/H2O (+2.72 eV/NHE), so the h+ on the VB of g-C3N4 could
not oxidize H2O to ·OH and directly react with MB. However, the potential of ZnO NWs
was higher than that of the OH/H2O, so the h+ on its CB could oxidize H2O to ·OH, which
could also be used in the following oxidation reaction. ·OH, h+, and ·O2− free-radical
active substances will undergo redox reaction with MB, and then be degraded into small
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molecular organic compounds, and finally be degraded into non-toxic and harmless H2O
and CO2 [34].

3. Experimental

3.1. Materials

Zinc acetate dihydrate (CH3COO)2Zn·2H2O), urea (CN2H4O), isopropanol (C3H8O,
IPA), disodium edetate (C10H14Na2O8, EDTA-2Na), potassium bromide (KBr), and absolute
ethanol (C2H6O) were purchased from Shanghai Sinopharm Chemical Reagent Co., Ltd.
Shanghai, China. Methylene blue (C16H18N3ClS, MB) and p-benzoquinone (C6H4O2, BQ)
were purchased from Shanghai Aladdin Biochemical Technology Co., Ltd. Shanghai, China.
The chemical reagents used in this experiment were of analytical grade and were not further
purified before use.

3.2. Preparation of g-C3N4

We weighed 70 g of urea (CH4N2O) into an alumina crucible, and transferred the
covered crucible to a muffle furnace. Calcination was performed at a constant temperature
of 550 ◦C for 180 min, and the heating rate was set at 5 ◦C·min−1. The sample was calcined
and grounded to obtain light-yellow g-C3N4 powder.

3.3. Preparation of ZnO NWs

ZnO NWs were prepared by direct solid-state thermal decomposition of (CH3COO)2Zn
2H2O. We took a 14 g sample of (CH3COO)2Zn 2H2O and ground it in an agate mortar
for 10 min, then transferred it to a 30 mL alumina crucible. The crucible was placed in a
muffle furnace and heated under an atmosphere of air to a constant temperature of 300 ◦C
for 120 min. The heating rate was set to 2 ◦C·min−1. After the muffle furnace was cooled to
room temperature, the gray ZnO NW powder was taken out, and the ZnO NWs were fully
ground for later use.

3.4. Preparation of g-C3N4/ZnO NWs

We weighed 50 mg of g-C3N4 and added it to a reagent bottle containing the desired
mass of ZnO NWs (the doping amounts of g-C3N4 were 10 wt%, 15 wt%, 20 wt%, 25 wt%,
and 30 wt%), and added 40 mL of absolute ethanol and magnetons to the reagent bottle.
After stirring for 8 h, the mixture was transferred to an oven at 60 ◦C for 48 h to remove
absolute ethanol. The resulting solid was ground for later use.

3.5. Characterization

Fourier transform infrared (FT-IR) spectra were acquired using a spectrometer (Nicolet
5700, Thermo Fisher Scientific, MA, USA) to verify the presence and identify the specific
vibration modes associated with functional groups. The sample’s crystal structure was
determined using X-ray diffraction (XRD, Lab X XRD-6100, Shimazdu, Kyoto, Japan) with
Cu-Kα radiation source. The measurements were taken with a working voltage of 40 kV
and working current of 20 mA, and the scanning range spanned 2θ = 10~80◦. The shapes
and structures of the materials were examined using advanced imaging techniques, includ-
ing field-emission scanning electron microscopy (FE-SEM, SU8220, Hitachi, Tokyo, Japan)
and field emission transmission electron microscopy (FE-TEM, FEI Tecnai G2 F30, Hillsboro,
OR, USA). X-ray photoelectron spectrometer (XPS) technology (Thermo ESCALAB 250XI,
Shanghai Yuzhong Industrial Co., Ltd., Shanghai, China) was used to obtain the relevant
information of the constituent elements, valence states, and chemical bonds of the samples.
The binding energies of the elements in the samples were all based on the C 1s binding
energy (284.6 eV) as the corrected binding energy. The Brunauer−Emmett−Teller method
was used to measure the specific surface areas (BET, NOVA TOUCH LX1, Quantachrome,
FL, USA). Ultraviolet-visible diffuse reflectance spectra were carried out by the spectropho-
tometer (UV-Vis DRS, UV-3600i Plus, Shimadzu Corporation, Kyoto, Japan) in the range of
200–800 nm. The Edinburgh FLS1000 fluorescence spectrophotometer was used to obtain
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the photoluminescence spectra of the samples at room temperature with the excitation laser
wavelength of 365 nm. Additionally, the ultraviolet-visible (UV-Vis) spectrophotometric
method (TU-1950, Persee, Nanjing, China) was employed to study the dye degradation.

3.6. Photocatalytic Experiment

The ability of a photocatalyst to decompose MB under visible light was used as a
measure of its photocatalytic activity. All relevant experiments in this work were carried
out in an open system at room temperature. In order to confirm that MB did not have the
possibility of self-degradation, a blank control experiment was added. In the absence of a
catalyst, the control experiment was carried out on the initial concentration of 20 mg·L−1

of MB. The detailed steps were as follows: 50 mg of photocatalyst was added to 50 mL MB
solution with an initial concentration of 20 mg·L−1, and gently stirred for 30 min in the dark
to obtain adsorption–desorption equilibrium. Next, using a xenon lamp as the light source,
the photocatalytic degradation experiment was conducted under visible light irradiation,
and 2 mL of the reaction solution was taken at regular intervals and placed it a centrifuge
tube until the reaction was over. Finally, the centrifuge tube containing the reaction solution
was placed in a centrifuge at 10,000 r·min−1, and the supernatant was taken after high-speed
centrifugation. The absorbance values of MB (λmax = 554 nm) supernatant under different
reaction times were determined by UV-visible spectrophotometer. The degradation rate of
MB (%) was calculated as follows:

Degradation Rate(%) =
C0−Ct

Ct
× 100% =

A0−At

A0
× 100%

where Ct and C0 represented the concentration of MB corresponding to time t and t0,
respectively, and A0 and At represented the absorbance of the MB solution at time t and t0,
respectively.

4. Conclusions

We have successfully designed a low-cost, intrinsically safe and facile “one-pot stirring”
method to prepare a series of composite photocatalysts containing g-C3N4-doped ZnO
NWs with enhanced photocatalytic performance by the meticulous selection of precursors.
The photocatalytic degradation of MB was used to assess the catalytic performance of
the photocatalyst under simulated sunlight irradiation. The 25 wt% g-C3N4/ZnO NWs
showed the best photocatalyst performance, achieving an outstanding MB removal rate of
99.1% within 60 min. The improved performance of the composite could be attributed to
several factors, including the improved separation of photogenerated electron-hole pairs,
the large surface area providing more reaction sites, and the enhanced light-absorption
capability. Furthermore, the composites exhibited excellent stability, maintaining their
morphology, crystal phase, and catalytic activity after three cycles of testing. This work
not only provides a more economical solution for the efficient purification of industrial
wastewater, but also provides a theoretical basis for the study of ZnO-based composite
materials, which is of great significance for opening up broad prospects for environmental
protection applications.
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Abstract: The full-concentrationgradient LiNi0.9Co0.083Mn0.017O2 (CG-LNCM), consisting of core Ni-
rich LiNi0.93Co0.07O2, transition zone LiNi1−x−yCoxMnyO2, and outmost shell LiNi1/3Co1/3Mn1/3O2

was prepared by a facile co-precipitation method and high-temperature calcination. CG-LNCM was
then investigated with an X-ray diffractometer, ascanning electron microscope, a transmission elec-
tron microscope, and electrochemical measurements. The results demonstrate that CG-LNCM has a
lower cation mixing of Li+ and Ni2+ and larger Li+ diffusion coefficients than concentration-constant
LiNi0.9Co0.083Mn0.017O2 (CC-LNCM). CG-LNCM presents a higher capacity and a better rate of capa-
bility and cyclability than CC-LNCM. CG-LNCM and CC-LNCM show initial discharge capacities
of 221.2 and 212.5 mAh g−1 at 0.2C (40 mA g−1) with corresponding residual discharge capacities
of 177.3 and 156.1 mAh g−1 after 80 cycles, respectively. Even at high current rates of 2C and 5C,
CG-LNCM exhibits high discharge capacities of 165.1 and 149.1 mAh g−1 after 100 cycles, respectively,
while the residual discharge capacities of CC-LNCM are as low as 148.8 and 117.9 mAh g−1 at 2C
and 5C after 100 cycles, respectively. The significantly improved electrochemical performance of
CG-LNCM is attributed to its concentration-gradient microstructure and the composition distribution
of concentration-gradient LiNi0.9Co0.083Mn0.017O2. The special concentration-gradient design and
the facile synthesis are favorable for massive manufacturing of high-performance Ni-rich ternary
cathode materials for lithium-ion batteries.

Keywords: concentration-gradient; Ni-rich ternary; cathode materials; lithium-ion batteries

1. Introduction

Compared with other secondary batteries such as lead acid, nickel–cadmium and
nickel–metal hydride batteries, lithium-ion batteries (LIBs) have been widely used in
portable electronic devices and electric vehicles (EVs) because of their higher energy density
and longer life span [1–6]. With the increasing demand for LIBs with a high energy density
and outstanding cyclability, it is urgent and imperative to develop high-energy density and
cyclability of cathode materials for LIBs. Numerous efforts have been made to optimize
cathode materials, and dozens of these have been well developed [7], but the Ni-based
ternary cathode materials LiNi1−x−yCoxMnyO2 (NCM) and LiNi1−x−yCoxAlyO2 (NCA)
have received extensive and intensive attention and have been extensively utilized [8–13].
Ni-rich ternary cathode materials supply a large capacity that rises proportionately with Ni
content, even though they suffer from inferior cyclic stability during cycling and thermal
instability [14–18]. These shortcomings mainly result from the microcracking of electroac-
tive particles upon the charging/discharging processes, which tremendously enlarges the
inner surface exposed to electrolyte attack [15,19].
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To improve the performance of Ni-rich ternary cathode materials, diverse approaches
such as doping heterogeneous ions [20–22], surface coating [23–25], the construction of a sin-
gle crystal phase [26–28], core/shell microstructure [29,30] and particles with concentration-
gradient composition [31–33] have been adopted to inhibit the formation of microcrack-
ing. Among the preceding approaches, building particles with concentration-gradient
composition is one of the most effective ways to improve the cyclability of electroactive
materials. Generally, core composition can provide high capacity, and shell composition
can improve cyclability and thermal stability in the ideal concentration-gradient microstruc-
ture [34]. In the present investigation, full concentration-gradient LiNi0.9Co0.087Mn0.013O2,
in which the composition varies gradiently from core composition LiNi0.93Co0.07O2 to
outmost shell composition LiNi1/3Co1/3Mn1/3O2, was proposed and prepared by a facile
co-precipitation method combined with high-temperature calcination in an oxygen atmo-
sphere. Benefiting from the high capacity provided by Ni-rich core composition and the
excellent cyclability of shell composition LiNi1/3Co1/3Mn1/3O2, the concentration-gradient
LiNi0.9Co0.087Mn0.013O2 exhibits significantly improved electrochemical performance in
comparison with the concentration-constant LiNi0.9Co0.087Mn0.013O2 prepared by the same
synthesis procedure.

2. Results and Discussions

Figure 1 shows the X-ray diffraction (XRD) patterns of concentration-gradient precur-
sors (CG-NCMOH), concentration-constant precursors (CC-NCMOH), the concentration-
gradient products (CG-LNCM), and the concentration-constant products (CC-LNCM).
Figure 1a and the Rietveld refinement results (Figure S1a,b in Supplementary File) demon-
strate that no manganese and cobalt hydroxides or other oxides exist in the XRD patterns
of hydroxide precursors CC-NCMOH and CG-NCMOH, indicating that Mn2+ and Co2+

are successfully doped into Ni sites of Ni(OH)2 to form Ni-Co-Mn ternary hydroxide. The
diffraction peaks of CC-NCMOH and CG-NCMOH shift to a lower angle, which implies
that doping of Mn2+ and Co2+ enlarges the layer distance of Ni(OH)2 according to the
Bragg equation 2dsin θ = nλ. As observed in Figure 1b, the diffraction peaks of CC-LNCM
and CG-LNCM are strong and sharp, suggesting that both CC-LNCM and CG-LNCM have
high crystallinity, and all the diffractions can be well indexed by the R3m space group. The
structural parameters for CC-LNCM and CG-LNCM are listed in Tables S1 and S2, and
the results reveal that CG-LNCM has a larger cell volume than CC-LNCM, hinting that
CG-LNCM may have better electrochemical performance in comparison with CC-LNCM
because a larger cell volume favors the more rapid transport of Li+ in electroactive particles
and hence the better electrochemical performance. The layered structure of the material
could be judged by the splitting of characteristic peaks. The more obvious the splits of
(006)/(102) and (018)/(110) are, the more they indicate a higher degree of layered struc-
ture [35]. In addition, the ratio of c/a for both CC-LNCM and CG-LNCM is bigger than
4.9, showing that both samples have a well-developed layered crystal structure [36,37].
Furthermore, the quota of intensity ratio of (003) to (104), I(003)/I(104) reflects the cation
mixing of Li+ and Ni2+, and the larger value of I(003)/I(104) means the lower cation mixing.
It was reported that if the value of I(003)/I(104) is bigger than 1.2, the materials will have
lower cation mixing [38,39] and improved electrochemical performance. According to
Tables S1 and S2, the comparisons of CC-LNCM and CG-LNCM in I(003)/I(104) and the
occupation of Li and Ni in Wyckoff sites 3a and 3b reveal that CG-LNCM has a lower
cation mixing of Li+ and Ni2+ than CC-LNCM, and the special concentration-gradient
microstructure may be responsible for the lower cation mixing.
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Figure 1. XRD patterns of (a) CG-NCMOH and CC-NCMOH; (b) CG-LNCM and CC-LNCM.

The scanning electron microscope (SEM) images of CC-NCMOH, CG-NCMOH, CC-
LNCM and CG-LNCM are presented in Figure 2. As observed in Figure 2a,b, both two hy-
droxide precursors display sphere-like morphology and a rough surface and are composed
of nanoplates agglomerated loosely together. The loose agglomeration of CC-NCMOH and
CG-NCMOH is beneficial for rapid reaction with LiOH to form LiNi0.9Co0.083Mn0.017O2
with high crystallinity. Figure 2c,d demonstrate that the final products CC-LNCM and CG-
LNCM present a similar sphere-like morphology to that of hydroxide precursors. However,
unlike the precursors CC-NCMOH and CG-NCMOH, CC-LNCM and CG-LNCM consist of
nanoparticles. Compared with the compact CC-LNCM, the CG-LNCM particles are loosely
agglomerated, which is favorable for the permeation of the electrolyte and rapid diffusion
of Li+ in the electroactive particles. The high-resolution transmission electron microscope
(HRTEM) images of CC-LNCM and CG-LNCM are shown in Figure 2e,f, respectively, and
d-spacing of about 0.2040 and 0.2042 nm is observed in the lattice fringes of CC-LNCM and
CG-LNCM, respectively, corresponding to the lattice plane (104). The minor difference of
the d-space may result from the different surface composition of LiNi0.9Co0.083Mn0.017O2
and LiNi1/3Co1/3Mn1/3O2 for CC-LNCM and CG-LNCM, respectively.

The SEM image of cross-section of CG-LNCM presented in Figure 3a further clearly
demonstrates that the sphere-like secondary particles are composed of primary nanopar-
ticles, and the corresponding EDX elemental mappings in Figure 3b–d indicate that the
elements Ni, Co and Mn are evenly dispersive, similar to the concentration-constant
LiNi0.8Co0.1Mn0.1O2 [36], implying that it is difficult to separate concentration-gradient
samples from concentration-constant samples by elemental mappings. Figure 3e,f display
the SEM images of CC-LNCM and CG-LNCM primary particles, respectively. The element
contents of the selected area of particles are determined by energy dispersive X-ray spec-
troscopy (EDXS), and EDXS mappings of the selected area are shown in Figure S2. It can be
observed that contents of Ni, Co, and Mn in the edge and interior of the primary particle
are almost identical and close to the molar ratio of Ni, Co and Mn of the concentration-
constant LiNi0.9Co0.083Mn0.017O2. The compositions are different in the different areas of
the CG-LNCM, further confirming that composition varies gradiently from interior to edge
and CG-LNCM is truly a concentration-gradient oxide.

To learn the effects of the concentration-gradient and concentration-constant mi-
crostructure on the oxidate state of Ni in LiNi0.9Co0.083Mn0.017O2, an X-ray photoelectron
spectroscopy (XPS) measurement was conducted and the corresponding Ni 2p XPS spec-
tra were shown in Figure 4. As can be observed in Figure 4a,b, the XPS spectra of both
CC-LNCM and CG-LNCM consist of two satellite peaks and two main peaks, and the two
peaks centered at about 855.96 and 873.5 eV are deconvoluted into 856.1 and 854.9 eV, and
873.9 and 872.4 eV, respectively. The Binding energy of 854.9 and 872.4 eV correspond to
Ni 2p3/2 and Ni 2p1/2 of Ni(II) [40,41], respectively, and the binding energy of 856.1 and
873.9 eV match Ni 2p3/2 and Ni 2p1/2 of Ni(III) [40,42], respectively. The molar ratio of
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Ni2+/Ni3+ is calculated according to the ratio of the closed area of Ni 2p3/2 XPS spectra
of Ni2+ to the closed area of Ni 2p3/2 XPS spectra of Ni3+. The molar ratios of Ni2+/Ni3+

are 0.48/0.52 and 0.58/0.42 for CC-LNCM and CG-LNCM, respectively. The different con-
tent of Ni2+ results from the different surface compositions of CC-LNCM and CG-LNCM,
similar to the previous report that the molar ratio of Ni2+/Ni3+ is larger on the surface of
LiNi1−x−yCoxMnyO2 with a lower content of Ni [43]. This finding further confirms the
concentration-gradient microstructure of CG-LNCM, in which the composition varies from
the core LiNi0.93Co0.07O2 to the outmost shell LiNi1/3Co1/3Mn1/3O2.

 
 

 

 

Figure 2. SEM images of (a) CC-NCMOH, (b) CG-NCMOH, (c) CC-LNCMO and (d) CG-LNCM;
HRTEM images of (e) CC-NCMOH and (f) CG-NCMOH.
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Figure 3. SEM image of cross-section of (a) CG-LNCM and the corresponding EDX elemental
mappings of (b) Ni, (c) Co and (d) Mn; SEM images of primary particles and compositions of the
selected area of (e) CC-LNCM and (f) CG-LNCM.

Figure 4. Ni 2p XPS spectra of (a) CC-LNCM and (b) CG-LNCM.

To investigate the effect of composition distribution of LiNi0.9Co0.083Mn0.017O2 on
the electrochemical mechanism, cyclic voltammetry measurements were conducted on
CC-LNCM and CG-LNCM at a scan rate of 0.1 mV s−1 in the potential scope of 3.0–4.3 V
(vs. Li+/Li) at room temperature, and the first three cycles of cyclic voltammograms (CVs)
of CC-LNCM and CG-LNCM electrodes are shown in Figure 5. The shape and the closed
area of the first three CVs are almost unchanged, suggesting that both CC-LNCM and
CG-LNCM have the better cyclability. As seen in Figure 5a,b, two CVs exhibit a similar
shape, and three couples of redox peaks have close potential, indicating that CC-LNCM
and CG-LNCM possess the identical electrochemical mechanism upon the charging and
discharging processes. The three redox peaks are associated with the interconversion
of the hexagonal phase to the monoclinic phase (H1↔M), the monoclinic phase to the
hexagonal phase (M↔H2), and the hexagonal phase to the hexagonal phase (H2↔H3),
respectively [44,45]. The accurate comparison of redox peak potentials of CC-LNCM and
CG-LNCM demonstrates that CG-LNCM has lower oxidation peak potentials and larger
reduction peak potentials than CC-LNCM, implying that CG-LNCM exhibits lower elec-
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trochemical polarization and better electrochemical reaction reversibility than CC-LNCM.

Figure 5. The first three cycles of cyclic voltammograms of (a) CC-LNCM and (b) CG-LNCM at
0.1 mV s−1 in the potential range of 3.0–4.3 V (vs. Li+/Li).

The electrodes used to evaluate galvanostatic electrochemical performance at each
given current rate were fresh CC-LNCM or CG-LNCM electrodes without an activation
process. The initial charge/discharge profiles of CC-LNCM and CG-LNCM electrodes
at various current rates (1C = 200 mA g−1) in the voltage range of 3.0–4.3 V (vs. Li+/Li)
were shown in Figure 6a,b, and the big difference indicated between charge and discharge
capacities is observed. The low initial Coulombic efficiency of fresh CC-LNCM and CG-
LNCM electrodes, similar to that of LiNi0.9Co0.08Al0.02O2 [45], may be associated with
properties of Ni-rich based oxide cathode materials. Low initial Coulombic efficiency
is presented in rich Ni-based oxide cathode materials, especially nanoparticles. After
several cycles, the Coulombic efficiency greatly increases, as observed in Figure S3, to about
97.8% in the fifth cycle, implying that the activation of electrodes can remarkably improve
the Coulombic efficiency. It can be found that the discharge and charge capacities decrease
with the increase of current rates due to a larger polarization at higher current rates. The
initial discharge capacities of CC-LNCM are 212.5, 200.7, 183.9, 167.1 and 139.2 mAh g−1 at
0.2C, 0.5C, 1C, 2C and 5C, respectively, while CG-LNCM presents the somewhat higher
initial discharge capacities of 221.2, 203.3, 185.0, 168.9 and 140.8 mAh g−1 at 0.2C, 0.5C, 1C,
2C and 5C, respectively. The initial discharge capacity of CC-LNCM at 0.2C is close to that
of 210 mAh g−1 for LiNi0.9Co0.05Mn0.05O2 at 0.2C [37], higher than that of 203.8 mAh g−1

for LiNi0.91Co0.06Mn0.03O2 single crystal at 0.1C [28], 207 mAh g−1 for LiNi0.9Co0.08Al0.02O2
at 0.2C [46]. The initial discharge capacity of CG-LNCM at 0.2C is close to that of about
221 mAh g−1 for concentration-gradient LiNi0.84Co0.06Mn0.09Al0.01O2 at 0.1C [32], and
larger than that of 200 mAh g−1 for concentration-gradient LiNi0.9Mn0.1O2 at 0.1C [47].
The initial discharge capacities of CG-LNCM at 0.5C, 1C and 2C are close to those of
200 mAh g−1 for LiNi0.92Co0.03Mn0.03Al0.02O2 at 0.5C [48], 180 mAh g−1 for TiO2-coated
LiNi0.9Co0.08Al0.02O2 at 1C [47] and 165 mAh g−1 for TiO2-coated LiNi0.9Co0.08Al0.02O2
at 2C [45], respectively. The above-mentioned results demonstrate that CG-LNCM is
competitive in the first discharge capacity with other Ni-based ternary cathode materials.

The cycle performance of CC-LNCM and CG-LNCM at 0.2C, 2C and 5C are depicted in
Figure 6c,d. As observed in Figure 6c,d, discharge capacities of CC-LNCM and CG-LNCM
at all current rates increase before the first number of specific cycles, which is ascribed to the
activation process that originates from the insufficient contact between electrolyte and elec-
troactive particles. After activation, the discharge capacity of CC-LNCM reaches the highest
value of 218.3 mAh g−1 at 0.2C and decreases to 156.1 mAh g−1 after 80 cycles. The ratio
of the residual discharge capacity to the highest discharge capacity corresponds to 71.4%.
While CG-LNCM exhibits the highest capacity of 223.4 mAh g−1 in the third cycle and
higher residual capacity of 177.3 mAh g−1 after 80 cycles at 0.2C, the ratio of the residual dis-
charge capacity to the highest discharge capacity corresponds to 79.4%. The residual capac-
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ity of CG-LNCM at 0.2C is close to that of about 174 mAh g−1 for LiNi0.9Co0.08Al0.02O2 [46],
about 170 mAh g−1 for TiO2-coated LiNi0.9Co0.08Al0.02O2 [45], and 169 mAh g−1 for LiTaO3
modified LiNi0.9Co0.06Mn0.04O2 [49] after 80 cycles at 0.2C. The residual discharge capac-
ities of CC-LNCM are 148.8 and 117.9 mAh g−1 at 2C and 5C after 100 cycles, respec-
tively, which are much smaller than the corresponding residual discharge capacities of
CG-LNCM. The special concentration-gradient microstructure of CG-LNCM may be re-
sponsible for the improved electrochemical performance. The residual discharge capacity of
CG-LNCM at 2C is 165.1 mAh g−1 after 100 cycles, which is larger than that of 130 mAh g−1

for TiO2-coated LiNi0.9Co0.08Al0.02O2 [45], 134.4 mAh g−1 for LiNi0.9Co0.05Mn0.05O2 [50],
and 156.9 mAh g−1 for Li2SiO3 coated LiNi0.9Co0.05Mn0.05O2 [50] at 2C after 100 cycles.
Even at the high current rate of 5C, CG-LNCM presents the high discharge capacity of
149.1 mAh g−1 after 100 cycles, significantly higher than that of 117.9 mAh g−1 for CC-
LNCM. It is noted that both CC-LNCM and CG-LNCM show better cycle performance at
higher current rates than the cycle performance of these two cathodes at 0.2C, and this phe-
nomenon is similar to that of LiNi0.8Co0.1Mn0.1O2 [51]. This phenomenon may be ascribed
to the lower tolerance of great deformation of CC-LNCM and CG-LNCM with loose mi-
crostructure and nanosized primary particles. Compared with cycles at higher current rates,
extraction of more Li+ from electroactive material LiNi0.9Co0.083Mn0.017O2 and insertion
of more Li+ into delithiated LiNi0.9Co0.083Mn0.017O2 occur at lower current rates during
charging and discharging processes, resulting in huge deformation, structure instability
and the resultant inferior cyclability at lower current rates. In summary, the aforementioned
electrochemical tests demonstrate that CG-LNCM has a higher capacity and better rate
capability and cyclability than CC-LNCM, which can be attributed to the advantages of
the concentration-gradient microstructure that the Ni-rich core LiNi0.93Co0.07O2 provides.
Furthermore, the high capacity and shell composition of LiNi1/3Co1/3Mn1/3O2 supplies
excellent structural stability, and the multiple core/shell structure of concentration-gradient
composition is favorable for alleviation of microcracks upon cycling.

To further understand the difference in electrochemical properties of concentration-
gradient and concentration-constant LiNi0.9Co0.083Mn0.017O2, electrochemical impedance
spectroscopy (EIS) was carried out on the fresh CG-LNCM and CC-LNCM electrodes and
other electrodes that had been cycled for 100 cycles at 5 C, and the corresponding Nyquist
plots are shown in Figure 7. As observed in Figure 7a, the Nyquist plots of fresh electrodes
are composed of a pressed semicircle and a sloped line, which is different from the Nyquist
plots (Figure 7b) of cycled electrodes that consist of two compressed semicircles and an
inclined line. The equivalent circuit models for the different Nyquist plots are depicted in
the insert of Figure 7a,b, respectively. In equivalent circuit models, Re, Rf and Rct represent
internal resistance of cell, charge transfer resistance, and resistance of the solid electrolyte
interface (SEI) [52,53], respectively, while CPE and Wo stand for double layer capacitance
and capacity of the surface layer, and Warburg impedance, respectively. The fitting results
are listed in Table S3 and indicate that values of Rf and Rct of CC-LNCM electrodes are
larger than those of CG-LNCM electrodes at the corresponding states. The smaller Rct of
CG-LNCM electrodes suggests that CG-LNCM possesses better electrochemical kinetics
and hence better electrochemical performance in comparison with CC-LNCM. In addition,
the smaller Rf of cycled CG-LNCM electrodes demonstrates that the resistance of SEI of a
cycled CG-LNCM electrode is smaller than that of a cycled CG-LNCM electrode, implying
that CG-LNCM has a lower polarization than CC-LNCM during cycling, favorable for
improvement of cyclability.
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Figure 6. Initial charge/discharge profiles of (a) CC-LNCM and (b) CG-LNCM at various current
rates, cycle performance of (c) CC-LNCM and (d) CG-LNCM at various current rates.

Figure 7. Nyquist plots of (a) fresh electrodes and (b) electrodes after cycling for 100 cycles at 5C.

It is well-known that the diffusion of Li+ in electroactive particles is a rate-determining
step of the electrochemical reaction of electroactive materials, and the Li+ diffusion coeffi-
cient, DLi, of electrode materials is a key parameter to evaluate the kinetics of electrochemi-
cal reaction. DLi was calculated according to the following Equation (1) [54].

DLi =
4

πτ

(
mBVm

MBS

)2( ΔEs

ΔEτ

)2
(1)

The meanings of symbols in Equation (1) are the same as in our previous report, and
the detailed calculation procedure is also akin to our previous report [55]. To compare DLi

40



Molecules 2023, 28, 3347

of CC-LNCM and CG-LNCM, the galvanostatic intermittent titration technique (GITT)
measurement was carried out and the value of DLi was estimated by Equation (1). The
GITT curves of CC-LNCM and CG-LNCM are shown in Figure 8a,b. The calculated values
of DLi of CC-LNCM and CG-LNCM at charged and discharged states are depicted in
Figure 8c,d, demonstrating that CG-LNCM has higher values of DLi in both charged and
discharged states than CC-LNCM. The differences of DLi result from the discrepancies
of CG-LNCM and CC-LNCM. In the charging process, the values of DLi of CG-LNCM
vary from 3.73 × 10−11 to 6.14 × 10−10 cm2 s−1, while DLi of CC-LNCM lies in the scope of
1.00 × 10−11 to 1.96 × 10−10 cm2 s−1. During discharging, the CG-LNCM and CC-LNCM
range in DLi from 1.20 × 10−12 to 5.34 × 10−10 and 4.15 × 10−13 to 2.16 × 10−10 cm2 s−1,
respectively. The comparison of DLi in CG-NCM and CC-NCM suggests that the electro-
chemical reaction rate of CG-LNCM is faster than that of CC-LNCM, which can explain
why CG-LNCM has a better electrochemical performance than CC-LNCM. The larger
diffusion coefficients of Li+ benefit from the concentration-gradient composition and mi-
crostructure, and result in the significantly improved electrochemical performance of
LiNi0.9Co0.083Mn0.017O2.

  

  

Figure 8. GITT curves of (a) CC-LNCM and (b) CG-LNCM, relationship between voltage and Li+

diffusion coefficient of CC-LNCM and CG-LNCM at (c) charged state and (d) discharged state.

3. Materials and Methods

3.1. Synthesis of Materials

The concentration-gradient precursor Ni0.9Co0.083Mn0.017(OH)2 was synthesized by a
facile co-precipitation method using NiSO4·6H2O, CoSO4·7H2O, MnSO4·H2O, NaOH and
NH3·H2O as raw materials, and the corresponding schematic illustration is depicted in
Figure 9. To avoid the oxidation of Ni2+, Co2+ and Mn2+ during the synthesis of precursor
NixCoyMn1−x−y(OH)2 precipitate, both solution and reaction are in a nitrogen atmosphere.
The total concentration of transition metal ions for both the aqueous solution A (tank 1) and
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B (tank 2) is 0.075 and 1.425 mol L−1, respectively, and the molar ratios of Mn2+:Co2+:Ni2+

for solution A and B are 1:1:1 and 0:0.07:0.93, respectively. Furthermore, solution A is equal
to solution B in volume. At the start of the co-precipitation procedure, Ni-rich solution
(tank 2) was firstly fed at a constant rate of 100 mL h−1 into the reactor containing a certain
amount of distilled water and NH3·H2O at 50 ◦C. Simultaneously, the solution A (tank 1)
was pumped into tank 2 at a constant rate of 50 mL h−1. At the same time, the mixture
solution containing 1.66 mol L−1 NaOH and adequate quantity of NH3·H2O was added
to the reactor at a reasonable rate for adjusting pH of the reaction solution to 11.5~11.8,
which is suitable for formation of Ni1−x−yCoxMny(OH)2 precipitate. With the continuous
addition of solution A to solution B, the molar ratio of Mn2+:Co2+:Ni2+ of solution B
changes gradiently from 0:0.07:0.93 to 1:1:1; thus the concentration distribution of Ni, Co
and Mn of the target precursor Ni1−x−yCoxMny(OH)2 precipitate will be gradient. The final
concentration-gradient precipitate Ni1−x−yCoxMny(OH)2 consists of a Ni0.93Co0.07(OH)2
core, a transitional zone containing a series of Ni1−x−yCoxMny(OH)2 (0.07 < x < 1/3,
0 < y < 1/3) precipitate and a Ni1/3Co1/3Mn1/3(OH)2 shell. After complete addition
of solutions A and B, the precipitate was aged for 15 h. Subsequently, the suspension
was filtered and washed three times to get the dark green precipitate. Finally, the dark
green precipitate was dried for 24 h at 110 ◦C in a vacuum oven. The molar ratio of
total transition metal ions for solution A and solution B was 5:95 (0.075:1.425), so the
chemical formula of the concentration-gradient precipitate can be simply expressed as
Ni0.9Co0.083Mn0.017(OH)2 (CG-NCMOH).

Figure 9. Schematic illustration of the preparation of concentration-gradient precursor
Ni0.9Co0.083Mn0.017(OH)2.

The concentration-gradient LiNi0.9Co0.083Mn0.017O2 (CG-LNCM) was prepared by
calcination of the mixture of LiOH·H2O and the dried concentration-gradient precursor
Ni0.9Co0.083Mn0.017(OH)2 with a molar ratio of 1.04:1 under an oxygen atmosphere in a
tube furnace in which the mixed reactants were heated with an adequate rate of 5 ◦C per
minute to 480 ◦C and maintained for 5 h, and then subsequently heated to 750 ◦C and
held for 13.5 h, and finally cooled naturally to room temperature to get concentration-
gradient LiNi0.9Co0.083Mn0.017O2. For comparison, the control concentration-constant
LiNi0.9Co0.083Mn0.017O2 (CC-LNCM) was prepared by the same calcination of the sto-
chiometric mixture of concentration-constant precursor Ni0.9Co0.083Mn0.017(OH)2 (CC-
NCMOH) and LiOH·H2O with a molar ratio of 1:1.04 under oxygen atmosphere, and
the concentration-constant precursor Ni0.9Co0.083Mn0.017(OH)2 was prepared by the same
co-precipitation method without tank 1, and the molar ratio of Ni2+, Co2+ and Mn2+ is
fixed to 0.9:0.083:0.017.

3.2. Material Characterizations

The phases of the concentration-gradient and concentration-constant samples were
investigated by X-ray diffraction (XRD, PANalytical, X’Pert3 powder) using Cu kα radia-
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tion in the 2θ range of 10–80◦. The morphologies of the prepared materials were observed
by scanning with an electron microscope (SEM, HITACHI, SU5000) and a high-resolution
transmission electron microscope (HRTEM, JEOL, JEM-2100F). X-ray photoelectron spec-
troscopy (XPS, Ulvac-Phi, PHI 5000 VersaProbe III) with monochromatic Al kα radiation
was applied to determine the oxidation state of the elements in the prepared materials.

3.3. Electrochemical Properties Characterizations

The 2016-type coin cell was used to evaluate the electrochemical performance of
concentration-gradient and concentration-constant LiNi0.9Co0.083Mn0.017O2 electrodes by
electrochemical tests. The coin cell consists of a lithium foil-counter electrode, a working
electrode, a Cellguard 2500 film separator and an electrolyte of 1 mol/L LiPF6 in the mixed
solvent of ethylene carbonate (EC), ethyl methyl carbonate (EMC) and diethyl carbonate
(DEC) with a volume ratio of 4:2:4. The dried working electrodes are composed of 80 wt.%
of electroactive material CG-LNCM or CC-LNCM, 10 wt.% of acetylene black and 10 wt.%
of polyvinylidene fluoride, and the loading of electroactive materials is about 1.8 mg cm−2.
The galvanostatic charge/discharge tests were carried out in the voltage range of 3.0 to
4.3 V (vs. Li+/Li) at 25 ◦C. The cyclic voltammetry (CV) was conducted on a CHI660E
electrochemical workstation at 0.1 mV s−1 in the potential range of 3.0 to 4.3 V. To compare
the diffusion coefficients of Li+, DLi, of CG-LNCM and CC-LNCM, the galvanostatic
intermittent titration technique (GITT) was conducted on the electrodes cycled at 0.1C for
three times. The GITT measurement was performed at a pulse current of 20 mA g−1 for
10 min, followed by a relaxation of 30 min.

4. Conclusions

The full concentration-gradient LiNi0.9Co0.083Mn0.017O2, in which composition varies
from the Ni-rich core LiNi0.93Co0.07O2 to the outmost shell LiNi1/3Co1/3Mn1/3O2, was
prepared by a facile co-precipitation method combined with high-temperature calcination
under an inert atmosphere. Benefiting from the special functions of a concentration-gradient
microstructure for which the Ni-rich core provides a high capacity, the shell supplies the
excellent structural stability of the surface, and concentration-gradient distribution of
compositions alleviates the formation of microcrack. Moreover, concentration-gradient
LiNi0.9Co0.083Mn0.017O2 possesses a higher capacity and a better rate capability and cycla-
bility in comparison with the concentration-constant LiNi0.9Co0.083Mn0.017O2 prepared by
the same method. The combination of the concentration-gradient design and the rapid
co-precipitation synthesis may provide an effective strategy for large-scale production of
Ni-based ternary cathode materials with high-performance for lithium-ion batteries.
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A and (b) area B of CC-LNCM, (c) area C and (d) area D of CG-LNCM; Figure S3: Activated
charge/discharge profiles of (a) CC-LNCM and (b) CG-LNCM at various current rates; Table S1: Cell
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Abstract: Thermoelectric (TE) technology, which can convert scrap heat into electricity, has at-
tracted considerable attention. However, broader applications of TE are hindered by lacking high-
performance thermoelectric materials, which can be effectively progressed by regulating the carrier
concentration. In this work, a series of PbSe(NaCl)x (x = 3, 3.5, 4, 4.5) samples were synthesized
through the NaCl salt-assisted approach with Na+ and Cl− doped into their lattice. Both theoreti-
cal and experimental results demonstrate that manipulating the carrier concentration by adjusting
the content of NaCl is conducive to upgrading the electrical transport properties of the materials.
The carrier concentration elevated from 2.71 × 1019 cm−3 to 4.16 × 1019 cm−3, and the materials
demonstrated a maximum power factor of 2.9 × 10−3 W m−1 K−2. Combined with an ultralow
lattice thermal conductivity of 0.7 W m−1 K−1, a high thermoelectric figure of merit (ZT) with 1.26 at
690 K was attained in PbSe(NaCl)4.5. This study provides a guideline for chemical doping to improve
the thermoelectric properties of PbSe further and promote its applications.

Keywords: chemical doping; salt-assisted; NaCl doping; PbSe; thermoelectric material; thermoelectric
performance

1. Introduction

Thermoelectric (TE) materials capable of transforming scrap thermal energy into
electric power have attracted considerable attention [1,2]. To promote the sustainable
development of the environment and economy, it is crucial to explore suitable TE materials
with high TE performance for their practical application. Currently, based on the existing
thermoelectric materials such as Bi2Te3 and SiGe, the corresponding conversion efficiency of
them are around the value of 10%, which is far away from the demanding value of 20% [3].
Among the advanced p-type thermoelectric materials, lead chalcogenide has generated
widespread interest due to its low thermal conductivity, high carrier fluidity, and high
symmetrical structure [4,5], in which the PbTe has been widely studied. Notably, regarding
the high melting point and rich content of the element, PbSe (a close analog of PbTe), with
a similar two-valley valence band structure to PbTe, has also captivated extensive research,
but the unsatisfactory TE properties still hinder its practical applications [6]. To obtain
higher conversion efficiency, it is necessary to improve the dimensionless of merit (ZT),
which is described as ZT = α2σ T⁄κ, where σ represents the electrical conductivity and α
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denotes the Seebeck coefficient. The product α2σ is referred to as the power factor. The
total thermal conductivity is composed of the lattice thermal conductivity (κL) and the
electron thermal conductivity (κe), and T represents the absolute temperature [7]. Generally,
there are two ways to enhance the ZT values, one is optimizing carrier concentration
and changing the energy band to boost the PF, and another is reducing the lattice thermal
conductivity through the initiation of atomic defects and formation of nanostructures [8–11].
Excitingly, chemical doping can not only modify the electronic structure but also optimize
the carrier concentration, which has been illustrated as a successful control approach for
tuning the TE material properties [12–14]. By properly introducing dopants, the energy
distance from the light band to the heavy valence band of lead chalcogenide can be greatly
decreased—such “band convergence” is beneficial to improve the TE performance and
especially increasing the Seebeck coefficient [15].

To tune the band structure of p-type PbSe, many different dopants have been examined,
such as by substituting Cu/Sr/Ba/K/Ag for Pb or Te/Cl for Se [16–19]. In addition, the
doping method has also been explored [20,21]. Compared with other processes, the flux
method is widely considered to obtain highly crystallized and phase-pure samples [22].
Due to the slow cooling process, the stable liquid environment (flux) provides sufficient
space and ample time for the constituent atoms to nucleate and self-organize [23]; it is
accessible for the experiment since the atmospheric pressure and the working temperature
are below the melting point [24]. In the preliminary work, both Sn and Ga have been
proven as the feasible effective flux for thermoelectric materials [25,26]. Moreover, given
the cost, environmental friendliness, and sustainability, NaCl has become the best choice
as the flux. Excitingly, Deng’s research group has adopted NaCl as the flux to prepare
the Cu2Se1+x(NaCl)2.5 (x = 0, 0.01, 0.02, 0.03) and β-Zn4Sb3 successfully, thus presenting
excellent thermoelectric properties [27,28]. Furthermore, theoretical calculations have
been widely performed to understand the effect of chemical doping on band structure
and thermal transport properties of TE materials due to the predictability and reliability,
providing guidance for optimizing and designing TE materials [29–31].

Thus, chemical doping combined with the suitable preparation process, the PbSe-
based materials with high TE performance could be achieved by structural optimization
or electronic band regulation, associating with the theoretical calculation, contributing to
understanding the nature of the doping effect, and providing a substantive improvement
in TE materials. Aiming toward a fundamental understanding and practical development
of PbSe-based thermoelectric materials, the pursuit of highly effective TE materials toward
ultimate commercialization necessitates greater knowledge of the effects and regulators of
chemical doping in light of the significance of chemical doping for TE materials. Herein,
we present tuning TE performance via chemical doping and processing improvement by
NaCl flux, employing the Na and Cl substitution as a prototype from theoretical simulation
and experimental verification to explore the formation of high PbSe(NaCl)x (x = 3, 3.5, 4,
4.5) crystal quality and its inherent influence on TE properties. By the NaCl salt-assisted
approach, the Na and Cl are involved in PbSe successfully, and the Na doping exerts
a dominant influence on the valence band convergence. The charge carrier density of
PbSe(NaCl)x was gradually optimized from 2.71 × 1019 cm−3 to 4.16 × 1019 cm−3 as the
increasing content of NaCl, concurrently with the appropriate Seebeck coefficient and con-
ductivity value, a high power factor of 2.9 × 10−3 Wm−1K−2 and an appreciable ZT value
of 1.26 at 690 K were caught by PbSe(NaCl)4.5. This demonstration indicates the positive
role of Na+ and Cl− on the thermoelectric performance of PbSe compounds, suggesting
an effective strategy for upgrading the thermoelectric characteristics of thermoelectric
materials by tuning the carrier concentration through NaCl salt-assisted approach, thus
hoping to promote the development in PbSe-based TE technology for addressing global
energy and environmental challenges.
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2. Results and Discussion

2.1. Structure and Composition

The morphological image of PbSe(NaCl)3 with metallic luster and about 12 mm in
size, shown in Figure 1a. Figure 1b demonstrates the X-ray diffraction (XRD) patterns
of all samples; the standard XRD spectrum of PbSe is presented for a comparison at the
bottom. It can be observed that the diffraction peaks of the doped sample were slightly
shifted towards a high diffraction angle along with the introduction of NaCl, especially
the peak at 60.381◦ in the inset. Generally, the shift of XRD peaks reflects residual stress
or variations in chemical constituents [32]. In this context, the primary cause of the peak
shift is the relatively reduced lattice constant, which can be attributed to the comparatively
smaller ionic radius of Na+ (102 picometer) and Cl− (181 picometer) in comparison to Pb2+

(119 picometer) and Se2− (198 picometer), respectively. It demonstrates that the doping
content has not reached the solid solubility limit of PbSe and the successful presence of
NaCl in the lattice of PbSe. The intensity of the (200) diffraction peaks of PbSe(NaCl)x
enhanced and then decreased with the addition of more NaCl. At the same time, there
is no discernible variation in other peaks, indicating that the Na+ and Cl− facilitate the
crystallinity, specifically the growth of (200) crystal planes.

Figure 1. External appearance picture and X-ray diffraction patterns. (a) The photograph of PbSe(NaCl)3

synthesized using the sodium chloride fusion approach. (b) XRD patterns of PbSe(NaCl)x (x = 3, 3.5, 4,
4.5) with the standard XRD spectrum of PbSe for comparison.

Figure 2a exhibits the FESEM pictures of the PbSe(NaCl)3 sample, without any cracks
or voids, even with a magnification of 100,000 times. And the SEM analysis with different
magnifications and multiple locations emerged in Figure S1, indicating the feasibility of the
NaCl salt-assisted approach to synthesize the dense crystal structure, which agrees with the
high density obtained from the Archimedes method. The range of this (8.47–8.74 g cm−3)
is in close agreement with the theoretical density of 8.27 g cm−3 [33]. To further determine
the elemental composition, an EDS map was performed on the PbSe(NaCl)3 in Figure 2b.
Additionally, the results suggested that only Pb, Se, Na, and Cl elements were present in
the sample without any other impurity elements. The electron probe microscope (EPMA)
was used to investigate the content of every component, and the pertinent statistics are
presented in Table 1. By increasing the proportion of NaCl, the content of Cl rose sig-
nificantly relative to the content of Na, from 0.61% to 1.91%. The content difference of
Se is similar, and the actual content of Pb in the sample is slightly reduced, indicating
the substitute doping of NaCl inter to the lattice of PbSe. HRTEM was implemented to
characterize the crystals at x = 3 (Figure 2c). The completed lattice stripes of PbSe(NaCl)3.0
display interplanar spacings of 0.306 nm in the particle, which matched well with the (200)
planes of PbSe. Figure 2d exhibits the image of SAED acquired along the [002] zone axis of
PbSe(NaCl)3.0, further confirming the high crystal quality of the specimen synthesized via
the NaCl salt-assisted approach [34].
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Figure 2. The micro characterization of PbSe(NaCl)3 with high crystal quality. (a) FESEM image,
(b) EDS image, (c) HRTEM image, (d) SAED image.

Table 1. A list of samples and some of their temperature-dependent properties at 300 K.

Samples
Crystal Compositions RH nH μH ρ

PbSe-(NaCl)x cm3/C 1019 cm−3 cm2/Vs g·cm3

Pb Se Na Cl

x = 3 48.52 50.7 0.17 0.61 0.23 2.717 276 8.47
x = 3.5 48.17 50.6 0.2 1.03 0.21 2.976 292 8.59
x = 4 47.96 50.1 0.3 1.64 0.18 3.472 295 8.52

x = 4.5 47.58 50.1 0.41 1.91 0.15 4.167 270 8.74

The XPS technology was employed to explore the chemical oxidation state of con-
stituents in the sample, as displayed in Figure 3. The Pb 4f7/2 and Pb 4f5/2 orbital peaks of
PbSe samples can be observed at 137.6 and 142.4 eV in Figure 3a, which corresponds to Pb2+

valence, indicating that the Pb element has a valence of +2. In Figure 3b, the XPS spectrum
of Se 3d is presented, revealing the chemical binding energy peak of Se 3d5/2 at 53.4 eV
and the chemical binding energy peak of Se 3d3/2 at 54.2 eV. These peaks correspond to
the characteristics of Se−2, indicating that the Se element is −2 valence [34]. In Figure 3c,
the XPS spectrum of Na 1s is displayed, and the chemical binding energy peak of Na 1s is
observed at 1071.46 eV, suggesting that Na has a valence state of +1, thus promising the
increase in hole concentration. Figure 3d exhibits the XPS spectrum of Cl 2p, where the
chemical binding energy peak of Cl 2p is located within the range of 198.5–199 eV, implying
that Cl has a valence state of −1.
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Figure 3. XPS fittings for Pb 4f (a), Se 3d (b), Na 1s (c), and Cl 2p (d).

The electronic structure of TE material can be commendably optimized by chemical
doping, determining the carrier concentration and ultimately affecting the TE performance
of material [35,36]. Therefore, it is crucial to explore the electronic structure by theoretical
calculations. Based on the XRD and XPS results, it is not double that the Na+ and Cl−
ions are inserted in the PbSe’s lattice by substitutional doping. In order to show the way
of NaCl doping intuitively and the influence of doping content on electronic structure
of PbSe(NaCl)x compounds, supercells with standards of 3 × 3 × 3 and 4 × 4 × 4 were
built and further electronic structure information was explored. The construction of the
PbSe (NaCl)x model involves the substitution of Pb with Na and Se with Cl. We replaced
Pb and Se with different stations, according to the principle of minimum energy to de-
termine the optimal structure, the most stable configuration of the PbSe(NaCl)x system
is shown in Figure S2, which is utilized to further calculate the density of states (DOS)
and band structure (Figure 4). Although these models cannot accurately correspond to
the experimental doping concentration, they are sufficient to explain the effect of doping
on the electronic structure and even properties of PbSe (NaCl)x compounds. Figure 4a
displays the energy band structure of the primary PbSe with a band gap of 0.419 eV, which
corresponds well with the value of 0.439 eV calculated by J.P. Perdew et al. [37], and is
also in good agreement with the bandgap range of 0.4–0.475 eV for PbSe thin films [38].
As shown in Figure 4b, it can be concluded that the L bands and the second valence band
(Σ bands) can be found at the valence band regardless of doping NaCl, which is determined
by the intrinsic properties of PbSe. In addition, the energy difference between the L and
Σ bands is reduced from 0.28 eV in undoped PbSe to 0.18 eV in PbSe-NaCl, indicating a
convergence of the two bands upon NaCl doping, of which is beneficial to enhance the TE
performance of NaCl-doped PbSe. Similarly, this “band convergence” is also observed with
the supercell of 4 × 4 × 4 (Figure S4), and the tendency of band structure is consistent with
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that of 3 × 3 × 3. Furthermore, in order to comprehensively explore the function of Na and
Cl dopants in PbSe(NaCl)x compounds, additional calculations were performed for Na
and Cl doping in PbSe, as presented in Figure S3a,c, respectively. The results indicate that
both Na and Cl doping exhibit a significantly similar band convergence effect. Nonetheless,
the ΔEv of Na-doped PbSe is 0.18 eV, which is significantly smaller than that of Cl-doped
PbSe (0.22 eV). This suggests that Na doping exerts a dominant influence on the valence
band convergence, which is related to the report by Wu et al. [39], thereby leading ul-
timately to the improvement in electron transport and thermoelectric performance [17].
Compared with the calculated projected density-of-states of pure PbSe (Figure 4c), Na, Cl
(Figure S3b,d), or NaCl-doped PbSe (Figure 4d) systems, the conduction band minimum
stems mainly from Pb p states, while the valence ∑ band comes from p orbitals of Se, Pb,
and Cl for PbSe-NaCl.

 
Figure 4. Band structure of pure PbSe with ΔEv~0.28 eV (a); NaCl-doped PbSe with ΔEv~0.18 eV
(b); the corresponding DOS for pure PbSe (c) and PbSe with NaCl doping (d), where the corresponding
states are presented in a clear manner to demonstrate their respective contributions.

2.2. Thermoelectric Properties

In Figure 5a–c, temperature-dependent electrical conductivity, the Seebeck coefficient,
and a power factor of PbSe(NaCl)x (x = 3, 3.5, 4, 4.5) are presented, respectively. The
charge transport ability of thermoelectric materials can be judged by a conductivity test,
and the result is shown in Figure 5a. With the temperature rising from 300 to 700 K, the
electrical conductivity of PbSe(NaCl)x compounds has a downward tendency, suggesting
typical, degenerated semiconductor behavior. As the temperatures rise, the atoms and
molecules in the material vibrate more violently, leading to an increase in the scattering
of electrons in the material, thereby decreasing the conductivity. Notably, for tempera-
tures beyond 600 K, PbSe-NaCl has a slower rate of decrease in conductivity since the
suppression of bipolar conduction. The electrical conductivity of all samples is in the range
from 12 × 104 S m−1 to 18 × 104 S m−1 at 300 K, with the most significant conductivity
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achieved for the sample defined as PbSe(NaCl)4.5. In combination with the Hall tests, fur-
ther electrical properties of the samples were identified according to the calculated carrier
concentration nH (nH = 1/(eRH)) and carrier mobility μH (μH = σRH) at room temperature
(Table 1). As a result, the Hall coefficients RH of all samples are positive, indicating that hole
conduction plays a dominant role in the samples. With an increase in the content of NaCl,
the hole concentration increased gradually, resulting in a higher carrier concentration, as
previously reported [40]. The carrier concentration increased from 2.71 × 1019 cm−3 to
4.16 × 1019 cm−3 because of the substitution of Na+ for Pb2+ and Cl− for Se2−. Simultane-
ously, the carrier mobility decreased to 270 cm2 V−1s−1 in S4, which may be induced by
the higher defect density. The carrier mobility and concentration together determine the
conductivity of the semiconductor according to σ = neμ. The results reveal that the higher
the content of NaCl, the better the conductivity; the maximum electrical conductivity of
18 × 104 S m−1 was achieved in PbSe(NaCl)4.5, indicating that NaCl can be used as an
excellent dopant for transferring electronics, in agreement with the conclusion reported by
Jing Li et al. [41].

 
Figure 5. Temperature-dependent (a) electrical conductivity, (b) the Seebeck coefficient, (c) power fac-
tor, (d) thermal conductivity, (e) lattice thermal conductivity and (f) figureof merit ZT for PbSe(NaCl)x

(x = 3, 3.5, 4, and 4.5).

The Seebeck coefficient refers to the ratio between the voltage generated by a ther-
moelectric material under a temperature gradient and the temperature gradient, which
is one of the key parameters to measure the performance of TE materials. It is obvi-
ous that the Seebeck coefficients of samples are positive (Figure 5b), indicating that the
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PbSe(NaCl)x samples are p-type semiconductors, and the values of S increase with the
rising temperature. It is noteworthy that the Seebeck coefficient value of PbSe(NaCl)x
is about 66~80 mV/K, which is two quantities larger than that of pure PbSe compounds
prepared by the conventional melting technique or the microwave-assisted chemical de-
position (MA-CBD) technique [42]. This improvement corresponds well to the energy
band convergence of PbSe(NaCl)x. The relationship between power factor (PF), calcu-
lated according to PF = a2σ, and temperature is shown in Figure 5c. At the outset, the PF
increases slightly from 7 × 10−4 W m−1K−2 to 8 × 10−4 W m−1K−2 with the increasing
content of NaCl at room temperature, and the PF increases with the increasing temperature
for all samples. As a consequence of the higher σ combined with the excellent a, the
maximum power factor of 2.9 × 10−3 W m−1 K−2 was achieved in PbSe(NaCl)4.5 at 700 K,
which exceeds the value obtained for the sample prepared by the melt rotation method
(1.25 × 10−3 W m−1K−2) [43].

In addition, thermal conductivity is also one of the important factors affecting the
properties of thermoelectric materials, which refers to the ability of heat transport in a
material. Figure 5d,e show the temperature-dependent thermal conductivity (total (κ)
and lattice (κL)) of samples with varying content. In thermoelectric materials, thermal
conductivity is influenced by the lattice structure and the transport model charge. The total
thermal conductivity at room temperature of PbSe(NaCl)3.0 is ~2.54 W m−1 K−1, rising to
~3.0 W m−1 K−1 for PbSe(NaCl)4.5, which may be due to the increases in electronic thermal
conductivity caused by the higher doping concentration. Over the temperature span of
300 K to 700 K, the total thermal conductivity of all specimens decreased monotonically
with the escalating temperature. The main reason for this is the increase in the intensity of
phonons vibration with the rising temperature, leading to more frequent scattering and a
decrease in phonon thermal conductivity, thus resulting in a decrease in the total thermal
conductivity. Additionally, after 500 K, the thermal conductivity decreases more slowly
with temperature due to the intensification of lattice vibration and the appearance of a
bipolar effect [34].

The lattice thermal conductivity (κL) was estimated by subtracting the electronic
thermal conductivity from the total thermal conductivity (κL = κ − κe). The electronic
thermal conductivity was calculated according to the Wiedemann–Franz law, κe = LσT,
where L is the Lorenz number (L = 2.45 × 10−8 W Ω K−2) [44]. At room tempera-
ture, the lattice thermal conductivity κL of all PbSe-(NaCl)x samples are in the range of
1.7 ± 0.2 W m−1 K−1, consistent with the previous report [31,45], and that of PbSe(NaCl)3.0
is around 1.67 W m−1 k−1. With the increasing temperature, the lattice thermal conduc-
tivity of PbSe(NaCl)3.0 shows a downward trend to the lowest value of ~0.99 W m−1 K−1

at 630 K contributed by the lattice vibration. Surprisingly, it further decreased to ~0.72
W m−1K−1 at ~660 K as the stoichiometric ratio of NaCl increased to 4.5, which was pri-
marily caused by the enhancement of the point defect scattering from the high doping
level [43,46]. The point defect scattering in solid solution systems originates from the
differences in atomic mass (mass fluctuations) and size, as well as the interatomic coupling
force differences (strain fluctuations) between the impurity atoms and the host lattice, as
described by the Callaway model [47,48]. Here, the substantial atomic mass fluctuation
is mainly manifested between Na (atomic mass is 23) and Pb (atomic mass is 207), which
predominately contributes to the reduction in lattice thermal conductivity. In particular,
the lattice thermal conductivity of PbSe(NaCl)4.5 is slightly increased at 690 K, which may
be due to the redistribution of doping elements at this temperature, resulting in changes in
the lattice structure, and then changing the propagation mode of phonons, engendering a
slight increase in the κL.

Importantly, In Figure 5f, the temperature-dependent ZT is presented, which is the
most convincing, and highlights the impressive thermoelectric performance of heavily
doped p-type PbSe. At a temperature of 690 K, a ZT value of ~1.26 was observed when the
carrier concentration, nH, was 4.2 × 1019 cm−3. The figure is superior to that of PbSe-based
materials processed using the hot-pressing technique (~1.12 at 690 K) and spark plasma
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sintering (~1.0 at 690 K), indicating that the low thermal conductivity and significantly
improved power factor (PF) in heavily doped samples contribute to the promising ther-
moelectric performance in p-type PbSe. The reduction in thermal conductivity can be
attributed to the introduction of dopants, which scatter phonons and decrease their mean
free path. Meanwhile, the high carrier concentration provokes a remarkable amelioration
in electrical conductivity and power factor. These two factors, in combination, result in a
high ZT value for the heavily doped p-type PbSe material. The promising thermoelectric
performance of heavily doped p-type PbSe suggests its potential use in various applications,
such as waste heat recovery, thermoelectric cooling, and power generation.

3. Materials and Methods

3.1. Synthesis Method

Stoichiometric quantities of high-quality raw materials, namely, 99.99% lead (Pb)
shots, 99.999% selenium (Se) shots, and 99.999% sodium chloride (NaCl) granules, all
purchased from Aladdin, were precisely measured in the proportion of 1:1:x (where x = 3,
3.5, 4, or 4.5) and labeled as S1, S2, S3, and S4 in sequence. The raw materials were mixed
thoroughly using a high-energy ball mill (model XQM-4L, Tencan Powder Technology Co.,
Ltd. Changsha, China) for 4 h under an argon atmosphere. The mixture was then loaded
into a vitreous silica tube (diameter = 30 mm, length = 500 mm) with a carbon layer, which
was subsequently evacuated and sealed under a vacuum. The sealed tube was placed in a
horizontal tube furnace (model STF-1200, Kejing Electric Furnace Co., Ltd., Foshan, China)
and heated to 932 K at a rate of 178 K/h, held at this temperature for 3 h, and then heated
to 1373 K for 1 h, and kept at this temperature for 20 h. After that, the temperature was
decreased to 723 K within 60 h and then cooled to room temperature. Distilled water was
used to extract the lustrous crystals from the solvent, and the samples were tested with a
series of representations.

3.2. Characterization and Measurement

The crystal structure of the sample was determined through powder X-ray diffraction
(XRD) analysis using Cu Kα radiation at an ambient temperature, employing an Ultima IV
instrument. Electron probe microanalysis (EPMA) (JXA-8230) was utilized to examine the
actual contents of each element in the samples. Field emission scanning electron microscopy
(FESEM) (SUPRA 55VP) was utilized to analyze the microstructures of the samples, and
qualitative elemental analysis of the samples was conducted using electron energy disper-
sive X-ray spectroscopy (EDS) with an Oxford instrument. Chemical analysis of Pb, Se, Na,
and Cl chemical states was performed using X-ray photoelectron spectroscopy (XPS) on a
PHI5000 Versaprobe-II system. Furthermore, the transmission electron microscope (TEM)
was used to obtain images, along with corresponding selected area electron diffraction
(SAED) patterns, using a Tecnai G20 instrument. The Seebeck coefficient (α) and electrical
conductivity (σ) were assessed from 300 K to 690 K in the vacuum condition. The common
four-point probe approach measured the σ with a direct current of 20 mA. The α were
attained, employing a comparison approach with Konstantin (Ni:40%) as a guide and a
temperature gradient of approximately 1.5 K. We usually use the formula α = ΔV/ΔT to
calculate the Seebeck coefficient, where ΔV is the thermoelectromotive force, and ΔT is the
temperature difference between the two sides of the material. The thermal conductivity
(κ = DCPρ) was directly obtained by the transient plate heat source method, in which the
density ρ was measured by the Archimedes method. Electronic thermal conductivity κe and
lattice thermal conductivity κL were calculated according to κe = LσT and κL = κtotal − κe,
respectively. The Hall coefficient (RH) was determined using the van der Pauw method and
the HL5500 Hall system from Nanometrics, under a magnetic field of 0.55 T and a direct
current of 1 mA at room temperature. The samples, which had thicknesses ranging from
0.3 to 0.5 mm, were subjected to this analysis. The Hall carrier concentration nH and Hall
mobility μH were determined using the formulas n = 1/(eRH) and μH = σRH, respectively.
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3.3. Details of Computational Methods

The projector augmented wave (PAW) method within the density functional theory
(DFT) was employed using the Vienna ab initio simulation package (VASP) for all com-
putations. The Perdew–Burke–Ernzerhof (PBE) functional and an energy cutoff of 400 eV
were utilized for the density-of-states and band-structure calculations based on a 3 × 3 × 3
supercell. The energy and relaxation force convergence criteria were set to 10−5 eV and
0.01 eV Å−1, respectively. For the crystal structure relaxation, a k-grid of 3 × 3 × 3 was
used, while a k-grid of 5 × 5 × 5 was employed for the static calculation in the intrinsic su-
percell and PbSe(NaCl)x. The density-of-states calculation utilized a k-grid of 7 × 7 × 7. In
addition, the band structure of pristine PbSe and PbSe-NaCl was calculated by considering
spin–orbit coupling (SOC).

4. Conclusions

In summary, the influence of different levels of NaCl doping on the microstructure,
energy band structure, and thermoelectric properties of PbSe-(NaCl)x are systematically
investigated by the first-principles calculations combined with practical experiments. All
samples exhibited the PbSe-type crystal structure—without any other phase. Based on
the NaCl salt-assisted approach, the carrier concentration of PbSe(NaCl)x is regulatable by
the doping content of NaCl, which was adjusted up to 4.2 × 1019 cm−3 in PbSe(NaCl)4.5,
leading to the appreciable α and σ simultaneously, thereby resulting in a super ZT value
(1.26 at 690 K) eventually. The feasibility of the NaCl salt-assisted approach to modify
the TE performance of the PbSe compound promotes the development of PbSe-based TE
technology for addressing global energy and environmental challenges and providing
reference for other TE materials.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/molecules28062629/s1, Figure S1: FESEM images of PbSe(NaCl)3,
which with different magnifications (10,000–100,000 magnification) (a–d) and from different positions at
100,000 magnification (e–h).; Figure S2: The crystal structure of PbSe doped with only one atom in each
species.; Figure S3: Band structure and DOS calculated using the 3 × 3 × 3 supercell. Band structure
of Na-doped PbSe with ΔEv~0.18 eV (a); Cl-doped PbSe with ΔEv~0.22 eV (c); and corresponding
density of states with only one atom substitution for Na-doped PbSe (b); and Cl-doped PbSe (d), where
the corresponding states are displayed to clearly show their contribution.; Figure S4: Band structure
calculated using the 4 × 4 × 4 supercell. Band structure of PbSe with ΔEv~0.42 eV (a); NaCl-doped
PbSe with ΔEv~0.33 eV (b).
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Abstract: In this work, CuS, Cu7S4, Cu9S5, Cu7.2S4, and Cu2S with the same morphology were
successfully synthesized by the hydrothermal method. According to the calculation, their galvano-
static charge-discharge (GCD) curves were 43.29 (CuS), 86.3 (Cu7S4), 154 (Cu9S5), 185.4 (Cu7.2S4),
and 206.9 F/g (Cu2S) at the current density of 1 A/g. The results showed that the energy storage
capacity of copper sulfide with the same morphology increased with the increase of the copper sulfide
stoichiometric coefficient. At the second part of this work, the agglomerated cuprous sulfide and
the microporous cuprous sulfide were successfully prepared, respectively. In addition, the porous
spherical cuprous sulfide was annealed to get nano cuprous sulfide. It is found that the specific
capacity of the agglomerated structure is the highest, which had reached 206.9 F/g at the current
density of 1 A/g, and 547.9 F/g at the current density of 10 A/g after activation.

Keywords: copper sulfide; supercapacitor; specific capacity; hydrothermal method; morphology

1. Introduction

With the rapid development of energy technology, electric energy has become the
protagonist of the energy era [1]. To meet the needs of rapid development, more and more
high-efficient and environmentally friendly new energy sources and energy-storage devices
are needed. Supercapacitors with high-power density, a long cycle life, and a fast-charging
capacity have attracted the attention of electrochemical researchers in recent years [2,3].
Element copper ranks in the fourth period and the IB group in the periodic table with
atomic No. 29. One electron in the outermost layer makes copper have more valence
commonly. Rich raw materials, low price, excellent conductivity and easy machining make
copper metal play an important role in industrial production and application [4]. Due
to the more complex valence state of the sulfide phase and the higher electrochemical
performance, transition metal sulfides as electrode materials for supercapacitors have
attracted more attention. A high theoretical capacitance, high power density, abundant
valence state, REDOX sites, and a low price make copper metal sulfide a widely concerned
energy storage [5,6]. As for copper metal sulfide as electrode materials for supercapacitors,
many researchers have reported their work. Wang Xiang et al. [7] used Cu2O, synthesized
by chemical precipitation, and Cu2O as the template via a hydrothermal ion-exchange
method to prepare nano Cu7S4, which provided a specific capacitance of 275 F/g at a
current density of 1 A/g. Zhou et al. [8] used an ion exchange reaction to regulate the
morphologies of Cu7.2S4 and synthesized submicron and micron porous spheres of Cu7.2S4.
The material has a specific capacitance of 491.5 F/g at a current density of 1 A/g. Ravindra
N prepared Cu2S of flower-like nanotubes and integrated nanotubes by a continuous
ion-adsorption reaction with a specific capacitance of 761 F/g and 470 F/g at a scanning
rate of 5 mV/s [9]. Therefore, via different synthesis methods and a post-treatment of
materials, adjusting the structure morphology of copper sulfide and so on contributed to
the study of the structure with larger specific capacitance. Copper metal sulfide materials
have a huge application potential in the field of supercapacitor materials.
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In this work, to better explore the stoichiometric coefficient affect energy storage
mechanism of different copper sulfides, CuS, Cu7S4, Cu9S5, Cu7.2S4, and Cu2S with the
same morphology were synthesized by hydrothermal method and adjusting morphology
variables. The electrochemical properties of different copper sulfides were compared, and
the energy storage performance of copper sulfides was discussed. Cuprous sulfide has
good thermal stability, which will not decompose into cuprous sulfide and sulfur at high
temperatures. Therefore, cuprous sulfide with good thermal stability was also selected
as the research object. In order to further explore the effect of morphology and structure
on the energy storage capacity of copper sulfide, the morphology of cuprous sulfide was
regulated by different synthesis methods so as to carry out an electrochemical test and an
exploration on different morphology of cuprous sulfides.

2. Results and Discussion

2.1. Energy Storage of Different Copper Sulfide Materials
2.1.1. XRD Pattern Analysis

Figure 1a shows the XRD map of the precursor of copper sulfide prepared by
Cu(CH3COO)2·H2O and TAA. The lower part is a PDF card of Cu4(SO4)(OH)6 material.
Through the comparative analysis of the map, it is found that the 2θ angles located at 11.3◦,
13.8◦, 16.5◦, 22.8◦, 27.9◦, 33.5◦, 35.6◦, and 48.3◦ corresponded to the (110), (200), (210), (220),
(400), (420), (22-2), and (250) crystal faces of Cu4(SO4)(OH)6, respectively. However, in
addition to the diffraction peak of Cu4(SO4)(OH)6, the pattern has other diffraction peaks,
indicating that the substance is a mixture. It may contain copper, sulfur, hydrogen, and
oxygen based on the reactants. The diffraction peaks of the other 2θ of 16.2◦, 18.2◦, 18.8◦,
22.3◦, 24.0◦, and 31.5◦ are exactly corresponding to the (−110), (020), (011), (021), (020), and
(−221) crystal faces of copper sulfate pentahydrate. By XRD analysis of the precursor, it is
proved that the precursor is a mixture of Cu4(SO4)(OH)6 and CuSO4·5H2O. The specific
reaction equation is shown in Equation (1):

Cu(CH3COO)2·H2O + CH3CSNH2 → Cu4(SO4)(OH)6 + CuSO4·5H2O (1)

CuxSy (I, II, III, IV, V; x and y are stoichiometric coefficients) was successfully prepared
by the reaction of copper acetate monohydrate with TAA under different conditions. XRD
images of the sample are shown in Figure 1b–f. The upper part of the figures with the same
color are the test curves of the sample, and the lower part is the PDF standard card of the
corresponding material. The intensity peaks of 27◦, 29.1◦, 31.6◦, 32.7◦, 47.8◦, 52.6◦, 59.2◦,
and 73.9◦ in Figure 1b were analyzed. It is found that the crystal faces of (101), (102), (103),
(006), (110), (108), (116), and (208) of CuS coincided with the standard PDF cards of CuS
(PDF#06-0464). Compared with the standard card of Cu7S4 (PDF#33-0489), the diffraction
peaks in Figure 1c are found in 26.4◦, 29.7◦, 31◦, 33.9◦, 35.3◦, 37.8◦, 38.9◦, 46.7◦, and 48.8◦
diffraction peaks corresponding to the crystal plane (16,0,0), (804), (18,2,1), (20,0,1), (20,4,0),
(155), (10,10,3), (0,16,0), and (886). In Figure 1d, the diffraction peaks at 2θ of 27.8◦, 29.2◦,
32.2◦, 41.5◦, 46.2◦, and 54.7◦ are consistent with the crystal faces of Cu9S5 (PDF#47-1748)
at (0,0,15), (107), (1,0,10), (0,1,17), (0,1,20), and (0,1,15). In addition, an analysis of the map
in Figure 1e shows that the substance is Cu7.2S4 (PDF#24-0061) because its strong peak 2θ
equals 27.8◦, 32.1◦, 46.2◦, 54.8◦, and 67.1◦, and corresponds to the (111), (200), (220), (311),
and (400) crystal faces of Cu7.2S4. The (100), (102), (110), (103), (112), and (114) crystal faces
of Cu2S at 26◦, 37.3◦, 46◦, 48.5◦, 54◦, and 73.9◦ of 2θ in Figure 1f correspond to the crystal
faces of Cu2S.
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Figure 1. (a) is the XRD patterns figure of intermediates prepared by Cu(CH3COO)2·H2O and TAA;
(b–f) are the XRD patterns figures of CuS, Cu7S4, Cu9S5, Cu7.2S4, and Cu2S.

To analyze XRD figures of five kinds of samples, it is proved that CuS, Cu7S4, Cu9S5,
Cu7.2S4, and Cu2S have been successfully prepared by controlling the conditions of hy-
drothermal synthesis with Cu(CH3COO)2·H2O and TAA as raw materials.

2.1.2. Morphological Analysis

Figure 2a,c,e,g,i are the scanning images of CuS, Cu7S4, Cu9S5, Cu7.2S4, and Cu2S. As
shown in Figure 2, the morphology of all these five kinds of copper sulfide is agglomerated
particles with particle diameters ranging from 10 to 55 μm. The purpose of adjusting
the five samples to the same morphology is to avoid the influence of morphology on the
following electrochemical test. When only the ratio of copper to sulfur atoms is univariate,
the comparability of data from subsequent electrochemical tests can be better guaranteed.
It can be seen from Figure 2b,d,f,h,j that the large granularity of copper sulfide is mainly
due to the agglomeration of small particles. The main reason is that the viscosity of the
solvent is small [10].
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Figure 2. The morphology SEM images of different copper sulfides (a,c,e,g,i) (CuS, Cu7S4, Cu9S5,
Cu7.2S4, and Cu2S), whose particle diameter is 55 μm; Figures (b,d,f,h,j) are enlarged image part of
figures (a,c,e,g,i).

At room temperature, TAA was hydrolyzed and combined with Cu2+ to form floccu-
lent precursor Cu4(SO4)(OH)6 and copper sulfate pentahydrate. As shown in Equation (2),
with the rise of hydrothermal temperature, TAA continues to hydrolyze to form S2−. Then
S2− reacts with Cu4(SO4)(OH)6 to produce a CuS precipitate. When the ratio of Cu2+ to S2−
ion is 1:1, CuS is precipitated in the solution, and the reaction ends. When the ratio of Cu2+

to S2− is greater than 1:1 (Cu(CH3COO)2·H2O:TAA = 1.75:1, 1.8:1, 2:1), S2− in the solution
will reduce Cu2+, according to the amount of Cu2+, and will eventually produce different
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copper sulfides Cu7S4, Cu9S5, Cu7.2S4, and Cu2S. The specific equations (Equations (3–7))
are as follows:

CH3CSNH2 + 3OH− heating→ CH3COO− + NH3 + S2− + H2O (2)

S2− + Cu2+ heating→ CuS ↓ (3)

4S2− + 7Cu2+ heating→ Cu7S4 ↓ (4)

5S2− + 9Cu2+ heating→ Cu9S5 ↓ (5)

4S2− + 7.2Cu2+ heating→ Cu7.2S4 ↓ (6)

S2− + 2Cu2+ heating→ Cu2S ↓ (7)

In addition, as can be seen from the enlarged figure in Figure 2a, with the hydrothermal
reaction, the crystal nuclei of copper sulfide grow into uniform nanoparticles. Then, due
to the low viscosity of the solvent, the nanoparticles become close to agglomeration [11].
They come together, fuse at the boundary, and then eventually form aggregated particles of
copper sulfide.

2.1.3. Electrochemical Test Analysis

Figure 3a shows cyclic voltammetry (CV) curves of CuS, Cu7S4, Cu9S5, Cu7.2S4, and
Cu2S. (A three-electrode test method was adopted using a self-made electrode working
electrode, a calomel electrode as a reference electrode, and a platinum electrode as a reverse
electrode, a 2 mol/L KOH solution as an electrolyte solution, a scanning rate 5 mV/s, and
a scanning potential range 0–0.6 V.) It can be seen from Figure 3a that the CV curves of the
five copper sulfides all have obvious REDOX peaks, indicating that the electrochemical
reaction of copper sulfides in circulation has a pseudocapacitive reaction. In addition,
the oxidation and reduction peaks of the four copper sulfides are relatively symmetrical,
indicating that the reaction reversibility of the four copper sulfides is good. However, the
oxidation peak of cuprous sulfide is significantly higher than its reduction peak, indicating
that the reversibility of cuprous sulfide is poor in the process of charge and discharge. By
comparing the area enclosed by the CV curve, cuprous sulfide is significantly larger than
other copper sulfides, which indicates that its energy storage performance is superior to
other copper sulfides.

 

Figure 3. (a) is the CV curves of a CuS, Cu7S4, Cu9S5, Cu7.2S4, and Cu2S at scanning rate of 5 mV/s;
(b) is the capacitance contribution b of different copper sulfides.
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The material capacitance contribution rate b can be calculated by Equation (8) (b = 0.5,
the electrode material behaves as battery property; b∈(0.5–1), and the electrode material
shows the properties of battery and pseudocapacitance (b ≥ 1, and the electrode material
exhibits pseudocapacitance properties). In Equation (8), where i is the peak current in the
CV figure, v is the scanning rate, and a is a constant. Equations (8) and (9) is transformed
by formula transformation. Then, a binary system of first order equations was established
through multiple sets of data to eliminate the constant a; Equation (10) was then obtained.
According to Equation (10), six different log(i2/i1) and log(v2/v1) groups were calculated
by combining the data with the peak current i of scanning rate v of 5, 10, 20, and 50 mV/s,
and b was obtained by fitting the data of six groups. According to the fitting data in
Figure 3b, the capacitance contribution ratio b of CuS, Cu7S4, Cu9S5, and Cu2S is 1.21,
1.08, 1.11, and 1.1, respectively. The values are all greater than 1, so copper sulfide as a
supercapacitor material shows a pseudocapacitance property. This result corresponds to
the CV curve in Figure 3a.

i = av b (8)

logi = blogv + loga (9)

b = log
(

i2
i1

)
/ log

(
v2

v1

)
(10)

According to the CV figure in Figure 3a, the CV curves of Cu2S has the largest area
at the scanning rate of 5 mV/s, indicating that Cu2S has the best energy storage capacity.
In order to better explore the electrochemical properties of the material, the constant
current charge-discharge curve of the material was tested, and the specific capacitance
of the material was calculated by Equation (11) [12]. (I is the discharge current; Δt is the
charging and discharging time; Δv is put the potential range of filling; m is the quality of
the active substance).

Cm = IΔt/(m Δv) (11)

Figure 4b is the GCD diagram of the material at a current density of 1 A/g. The
specific capacitances of CuS, Cu7S4, Cu7.2S4, and Cu2S were calculated as 43.2, 86.3, 185.4,
and 206.9 F/g. In addition, Cu9S5 has the same Cu–S content ratio as Cu7.2S4, both of which
are 1.8:1. Like Cu7.2S4, Cu9S5 has a specific capacitance of 154 F/g, which is between Cu7S4
and Cu2S. It is found that with the increase of copper content in copper sulfide, the specific
capacitance of the material increases, which also means that the energy storage capacity of
the material is better. The results are in good agreement with the CV test. By observing the
symmetry of GCD curves of five kinds of copper sulfides, different copper sulfides have
excellent symmetry, which indicates that the coulomb efficiency of the materials is high.
Equations (12) and (13) are the energy storage mechanisms of copper sulfide. According to
the equations, the main reason for the energy storage mechanism of copper sulfide is the
reversible pseudocapacitance reaction between copper sulfide and OH− in the electrolyte,
which can be explained as the continuous increase of copper valence. From this, the energy
storage mechanism of the other copper sulfide can be deduced, as shown in Equation (14).
According to the equations, with the increase of Cu element in CuS, Cu7S4, Cu9S5, Cu7.2S4,
and Cu2S, as well as the increase of x in CuxS, more hydroxide can be reacted in the material,
and the specific capacity of the material increases accordingly. In addition, according to
the capacitance contribution rate b, copper sulfide exhibits pseudocapacitive properties
when storing energy, which means that its ability to store charge completely comes from
the reversible REDOX reaction of the electrode material. Therefore, with the increase of
the Cu element in copper sulfide in Figure 4a, the REDOX pair provided by the material
will increase accordingly, thus enabling the material to store more capacity, and its energy
storage capacity will improve.

CuS + OH− ↔ CuSOH + e− (12)

CuSOH + OH− ↔ CuSO + H2O + e− (13)
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CuxS + (4x − 2)OH− ↔ CuxSO(2x−1) + (2x − 1)H2O + (4x − 2)e− (14)

 

Figure 4. The schematic diagram of (a) energy storage of copper sulfide; the GCD diagrams of
(b) different copper sulfides (CuS, Cu9S5, Cu7S4, Cu7.2S4, and Cu2S) at 1 A/g current density;
the electrochemical impedance spectroscopy (EIS) diagrams and equivalent circuit of (c) different
copper sulfides.

The impedance of the material and strength of the charge-electron transport capacity
can be analyzed by the AC impedance test. The test curve can be shown in the semi-circular
diameter of the high-frequency region, which represents the charge-transfer resistance
(Rct), and the low-frequency oblique line represents the diffusion resistance (Rw) of the
electrode material, respectively. The electron transport speed in the reaction process is
related with the Rct, and the slope of the oblique line is related with the Rw. The higher
the slope of the oblique line, the lower the Rw. The ionic impedance of the electrolyte, the
internal resistance of the electrode itself, and the interfacial impedance between the active
material and the nickel foam collector can be shown as the intercept of the curve on the
real axis, which represents the resistance (Rs).

Figure 4c shows the electrochemical impedance spectroscopy (EIS) of different copper
sulfides. It can be seen from the figure that the high-frequency curves of the EIS diagrams
of the five materials are almost ignored, indicating that the internal resistance of copper
sulfide is very small when it is used as the material of supercapacitor, which proved that
it has good energy storage performance. The low-frequency EIS curves of CuS, Cu7S4,
Cu9S5, Cu7.2S4, and Cu2S were analyzed. In this section, with the increase of the copper
stoichiometry in the copper sulfide, the slope of the straight line in the low-frequency
region gradually increases, indicating that the resistance of the interface charge transfer of
the material is smaller and the diffusion resistance of the electrolyte of the material is lower.
This also proves that its electrochemical ability is better.
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Table 1 shows the specific capacitance and capacitance retention of different copper
sulfides. According to the table, the retention rate of Cu9S5 reached 98.5%, which was
higher than that of the other four materials. In addition, the capacitance retention of
Cu7S4 and Cu2S is 96.3% and 93.7%, which also show excellent capacitance retention.
The retention rate of Cu7.2S4 was lower than that of the first three copper sulfides, which
maintained at 80.3%. However, the capacitance retention of CuS is the lowest, only 63.4%.
This may be related to the stability of the material. According to the CRC Handbook of
Chemistry and Physics of 2014–2015 edition, the standard molar entropy of copper sulfide is
66.5 J/mol K, and that of cuprous sulfide is 120.9 J/mol K. This indicates that the structural
stability of Cu2S is better than CuS. Therefore, as a pseudocapacitive electrode, when the
pseudocapacitive reaction occurs with the increase of current density, the resistance to
a large current is stronger due to improved stability, so the capacitance retention rate is
higher [13–17].

Table 1. The capacitance capability of different materials with the same morphology (CuS, Cu9S5,
Cu7S4, Cu7.2S4, and Cu2S) Cu–S ratio at 1 A/g and 10 A/g current density.

Material Cu–S Ratio C(1 A/g) C(10 A/g) Retention

CuS 1:1 43.2 F/g 27.4 F/g 63.4%
Cu7S4 1.75:1 86.3 F/g 83.1 F/g 96.3%
Cu9S5 1.8:1 154 F/g 151.7 F/g 98.5%

Cu7.2S4 1.8:1 185.4 F/g 148.9 F/g 80.3%
Cu2S 2:1 206.9 F/g 193.8 F/g 93.7%

Figure 5 is the GCD cycle diagram of different copper sulfides at 10 A/g current
density. It can be observed from Figure 5a–e that the cycle curve keeps an upward trend
from 0 to 200 cycles. It shows that the specific capacitance of the material is increasing,
and that the energy storage is increasing. The main reason is that the morphology of
copper sulfide is agglomerate. With the continuous charge and discharge, the material
continuously generates pseudocapacitive reactions. Then, the piles of copper sulfide spread
out, increasing the specific surface area. Finally, the number of copper elements involved
in the reaction continues to increase, thus increasing the charge stored in the material [18].

It can be seen from the analysis of Figure 5 that Cu2S has the best cycle stability, and
its capacity increases the most. It increased by 255.8% to 547.9 F/g. Secondly, the cyclic
stability of Cu9S5 was excellent and remained stable until 2000 cycles, and the specific
capacity increased by 130.3%. The cyclic stability of Cu7S4 is general. After rising, it
stabilizes for a period of time, and then decreases with a small increase. The cycle stability
of CuS is poor, and it begins to decline after 200 cycles without stable interval.

Finally, the cycle stability of Cu7.2S4 is the worst, with no rising period and no stable
region. After 1000 cycles, the specific capacity is only 44.5%. The cyclic stability of materials
is related to the structural stability of materials. As the material is recycled, the original
structure will continue to collapse. As a result, the number of materials involved in the
reaction will continue to decrease, resulting in a decrease in the specific capacity of the
material. With a high and non-integral Cu–S ratio, the crystal structure of Cu7.2S4 may
be more unstable, which resulted it in being infected the deepest and collapsing the most
easily while the material was recycled.

2.2. Effect of Morphology of Cuprous Sulfide on Electrochemical Properties of Materials
2.2.1. XRD Analysis

Figure 6 is the XRD analysis of Cu2S(I), Cu2S(II), and Cu2S(III). It can be seen from
the figure that the strength peaks of cuprous sulfide with three morphs are completely
corresponding to the standard card of cuprous sulfide. The crystal faces of (412), (204),
(630), (106), and (112) of cuprous sulfide at the 2θ angles are 36.1◦, 37.3◦, 45.8◦, 48.3◦, and
53.5◦. Therefore, it can be determined that the synthesized substances Cu2S(I), Cu2S(II),
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and Cu2S(III) are pure cuprous sulfide by adjusting the solvent of the solvothermal reaction
and the subsequent annealing treatment of the hydrothermal products.

 

Figure 5. (a) to (e) are different cyclic properties of copper sulfides at 10 A/g current density: CuS (a),
Cu7S4 (b), Cu9S5 (c), Cu7.2S4 (d), Cu2S (e); a synthetic contrast of cyclic properties of (f) five kinds of
copper sulfides.

θ(°)
Figure 6. XRD patterns of cuprous sulfide with three different morphologies: Cu2S(I), Cu2S(II), and
Cu2S(III).
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2.2.2. SEM Analysis

Figure 7 shows the SEM images of Cu2S(I), Cu2S(II), and Cu2S(III). Through SEM
images, we can observe that the cuprous sulfide prepared by the three synthetic methods
has different morphologies. The materials shown in Figure 7a,b are also prepared by
hydrothermal synthesis. The aggregate size of the synthesized large particles of cuprous
sulfide is concentrated between 20 μm and 55 μm. Cuprous sulfide with a porous spherical
structure, as shown in Figure 7c,d, were successfully prepared by changing the reaction
solvent to 99% purity ethanol solution. The main reason is that the ethanol is weak acidic,
which makes the S2− and H+ generated by the decomposition of thioacetamide generate
H2S, thus reducing the nucleation rate of cuprous sulfide and affecting the final morphology.
In addition, compared with distilled water, ethanol as a solvent has lower viscosity and
lower surface tension. Therefore, cuprous sulfide crystals are subjected to less external force
during the growth process so that the crystals can expand more outwardly. In turn, the
agglomeration is reduced and larger pores are formed, resulting in a porous morphology.

 

a b c 

d e f 

Figure 7. SEM images of cuprous sulfide with different morphologies: the scanning images of (a,b)
Cu2S(I); the scanning images of (c,d) Cu2S(II); the scanning images of (e,f) Cu2S(III).

Figure 7e,f are the scanning images of Cu2S(III) prepared by annealing at 600 ◦C
for 3 h with micropore structure cuprous sulfide. As can be seen from Figure 7d, the
porous cuprous sulfide is formed by the fusion and combination of many nanoparticles.
Since the subsequent annealing temperature of 600 ◦C is higher than the recrystallization
temperature of cuprous sulfide, the junction of porous structure grains gradually melts
under the action of high temperature, and the cuprous sulfide nanoparticles are separated.
As the temperature increases, the particles gradually homogenize and eventually form
nanoparticles cuprous sulfide. As can be seen from Figure 7f, the size of cuprous sulfide
nanoparticles is concentrated at 500 nm.

2.2.3. Electrochemical Test Analysis

It can be seen from Figure 8 that cuprous sulfide with three morphologies all have
obvious REDOX peaks. According to the calculation of the capacitance contribution rate
in the last work, there is no double electric layer effect in cuprous sulfide energy storage,
indicating that the Faraday reaction occurs in the process of energy storage. In addition,
by comparing the symmetry of the REDOX peak of the three materials, it can be seen that
the oxidation peak height of cuprous sulfide with the three morphologies is obviously
higher than its reduction peak height. It shows that the reversibility of materials is related
to the properties of materials and has nothing to do with the morphology of materials. By
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comparing the areas enclosed by the CV curves of cuprous sulfide in a different morphology,
it can be seen that the area enclosed by the agglomerated cuprous sulfide is the largest,
followed by the CV area in the microporous condition, and the smallest is the nanoparticle.
It is proved that when the morphology is agglomerate, cuprous sulfide has more excellent
energy storage capacity, while nanoparticles have the worst energy storage capacity. In
addition, the agglomerated cuprous sulfide has a higher current intensity, indicating that it
has a faster REDOX kinetics during charge and discharge [19,20].

     
 

 

 

 

 

 

  

   

  

Figure 8. The cyclic voltammetry diagram curves of intensive reunion Cu2S, microporous Cu2S, and
nanoparticles Cu2S.

As shown in Figure 9, the influence of morphology on the energy storage performance
of materials was explored by conducting a constant current charge and discharge at different
current densities for cuprous sulfide with different morphologies. Figure 9a,b show the
charge-discharge curves of agglomerated and microporous cuprous sulfide at the current
density of 1, 3, 5, 10 A/g. It can be seen from the figure that the symmetry of the curve is
improved, indicating that the coulomb efficiency of both is improved. Figure 9c shows the
charge–discharge curve of cuprous sulfide nanoparticles. It can be seen from the figure that
at the current density of 1 A/g, the charging time of the material is significantly longer
than the discharging time, indicating that the coulomb efficiency of the material is poor
at this current density. The reason is that the surface of the nanoparticles is flat, which
makes it difficult for OH− to attach during pseudocapacitance reaction. The separation
and embedding of OH− are affected, which makes the coulombic efficiency of the material
poor. However, by increasing the current density, the symmetry of the material becomes
better, indicating that increasing the current is conducive to the oxidation process of nano
cuprous sulfide, thus obtaining excellent coulomb efficiency [21,22].
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Figure 9. The GCD curves of (a–c) intensive reunion, microporous and nanoparticles three morpholo-
gies of Cu2S; capacitance retention of (d) three different morphologies.

The specific capacitance of the material can be calculated by the GCD curve of the
material. Table 2 shows that the specific capacitance of cuprous sulfide with agglomerated,
microporous, and nanoparticle morphology at the current density of 1 A/g is 206.9, 169.2
and 147.2 F/g. The specific capacitance at the current density of 10 A/g is 193.8, 159.2, and
140.6 F/g, respectively. The capacitance retention rates of the three materials were 93.7%,
94.1%, and 97%, respectively, and the best capacitance retention rate was obtained under
the morphology of nano particles. The important reason is that compared with the other
two kinds of morphologies, the nanoparticle morphology has better structural stability and
stronger resistance when facing large current, so the retention rate is the best.

Table 2. Specific capacitance and capacitance capability of cuprous sulfide with different morphologies.

Material C(1 A/g) C(10 A/g) Retention

Intensive reunion
Cu2S 206.9 F/g 193.8 F/g 93.7%

Microporous Cu2S 169.2 F/g 159.2 F/g 94.1%
Nanoparticles Cu2S 147.2 F/g 140.6 F/g 97%

2.2.4. Specific Surface Analysis

According to Figure 10, it can be known that intensive reunion Cu2S and nanoparticles
Cu2S has no obvious hysteresis ring, indicating that there is basically no pore structure.
The microporous structure has a hysteretic ring, but the ring is not regular, indicating that
the pore size distribution is uneven. The specific surface area of the agglomerated cuprous
sulfide was 11 cm2/g. The specific surface area of the microporous cuprous sulfide is
3.22 cm2/g. The cuprous sulfide of nanoparticles was only 0.11 cm2/g. It is found that
the specific surface area corresponds to the specific capacitance of the material. It shows
that the energy storage capacity of the material increases with the increase of the specific
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surface area. The main reason is that in the process of pseudocapacitive reaction, a large
specific surface area can provide more active sites so that more materials can participate in
the reaction and, thus, more energy can be stored [23].

 

Figure 10. Nitrogen adsorption and desorption isotherms of Cu2S with different morphologies.

Figure 11a shows the AC impedance curves of agglomerated, microporous, and
nanoparticular cuprous sulfide. It can be seen from the figure that the semicircular radius
of the high-frequency zone curve of the agglomerated cuprous sulfide is the smallest,
indicating that the electrical conductivity of the agglomerated cuprous sulfide is the best
under this topography. The cuprous sulfide of nanoparticles has the largest radius, in-
dicating that its electrical conductivity is worse than that of other morphology [24]. On
the whole, although the electrical conductivity of materials with different morphologies is
different, the curves in the high-frequency region of cuprous sulfide materials with three
morphologies are almost ignored. It shows that the internal resistance of cuprous sulfide
with different morphology is very small when used as supercapacitor materials.

 
Figure 11. Different impedance curves of (a) three different morphologies of Cu2S; different cyclic
stability of (b) three different morphologies of Cu2S.

The EIS curves of agglomerated, microporous, and nanoparticle Cu2S were analyzed
at a low frequency, and it was found that the slope of the line in the microporous Cu2S
low-frequency region was the highest. The results indicate that the resistance of interfacial
charge transfer and the diffusion resistance of the electrolyte are lower when the material
is used as the electrode. The reason is that the microporous Cu2S has larger pores inside,
which makes the diffusion channel of electrolyte wider than the other two morphologies.
As a result, the diffusion resistance of ions is smaller, which is more conducive to the
diffusion of ions, resulting in a smaller interfacial charge transfer resistance and a lower
diffusion resistance of the electrolyte [25].

Figure 11b shows the influence of morphology on the cyclic stability of cuprous
sulfide materials. As shown in Figure 11, the specific capacitance of agglomerated particle
morphology at the beginning of the cycle is 193.8 F/g. Then, the capacity continues to rise
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to the maximum capacity of 547.9 F/g to 2300 laps. By Lap 3000, the remaining specific
capacity was only 529.2 F/g. The square dot curve is the cycle graph of cuprous sulfide
nanoparticles. As can be seen from the figure, the specific capacity of the material continues
to rise from 140.6 F/g at the beginning to 227 F/g after 200 cycles during 0–3000 cycles.
Then, it grows steadily to 3000 laps and stays steady. It briefly increases to a maximum
of 340.2 F/g at 3400 laps. By 4000 cycles, the specific capacity was only 336.8 F/g. The
triangulation curve shows the specific capacitance of the microporous cuprous sulfide
during 3000 charge-discharge cycles. As shown in the figure, the microporous cuprous
sulfide increases briefly from 159.2 F/g to 175.4 F/g. Then, it keeps going down. After
3000 cycles, only 129.6 F/g is left.

From the above analysis, it can be seen that both agglomerated cuprous sulfide
and nanoparticle cuprous sulfide have good cycling stability, while the cycling stability of
microporous cuprous sulfide is poor. The reason is that the stability of microporous cuprous
sulfide is worse than the other structure. After repeated circulation, the microporous
structure collapses, eventually forming a blockage. As a result, the specific surface area
of the material decreases, and the active substances involved in the reaction decrease [26].
Finally, the specific capacity of the material continues to decline. The stability of cuprous
sulfide particles is higher. Through a continuous reversible reaction, the active substances
on the surface are constantly separated, thus making the specific surface area increase,
making the specific capacity of the material increase. When the specific surface area
increases to the limit, the specific capacity of the material begins to decline due to the cyclic
loss of the material.

3. Materials and Methods

3.1. Chemicals and Materials

The experimental materials of thioacetamide (TAA), monohydrate copper acetate,
sodium hydroxide, polyvinylidene fluoride (PVDF), N-methylpyrrolidone (NMP), acety-
lene black, distilled water, and 99.9% alcohol are analytical pure from Aladdin.

3.2. Synthesis of Different Copper Sulfides

By hydrothermal synthesis [27,28], 70 mL of distilled water was added into the reactor.
Then, 1 mmol of copper acetate monohydrate was added and stirred until it was completely
dissolved. In addition, 1 mmol of TAA was added, and the solution immediately generated
flocculent precipitation. Then, the pH value of the solution was adjusted to alkaline by
adding 3.5 mmol of sodium hydroxide. Then, the solution was transferred to a drying oven
and kept at 180 ◦C for 24 h to get black precipitation. Finally, CuxSy (I, CuS) was obtained
by freeze-drying after cleaning it to neutral. Under the same method, CuxSy (III, Cu9S5) and
CuxSy (V, Cu2S) were obtained by adjusting the amount of monohydrate copper acetate
to 1.8 mmol and 2 mmol. CuxSy (IV, Cu7.2S4) was obtained by changing the pH value of
1.8 mol solution with potassium hydroxide. The ratio of copper acetate monohydrate to
TAA was 1.75:1, and other reaction conditions remained the same, so CuxSy (II, Cu7S4)
was obtained.

3.3. Morphology Control of Cuprous Sulfide

Repeat 2.2 to obtain Cu2S (I). We changed 70 mL of distilled water in the reactor into
70 mL of alcohol, while 2 mmol of monohydrate copper acetate and 1 mmol of TAA were
successively added. Then, Cu2S (II) was prepared by vacuum drying oven with 180 ◦C
of heat preservation for 24 h. The Cu2S (II) was transferred to the sintering furnace and
annealed in argon atmosphere at 600 ◦C for 3 h to obtain Cu2S (III).

3.4. Preparation of Test Electrodes

Common electrochemical workstation was used for electrode test and electrochemical
test. The reference electrode was calomel electrode, the reverse electrode was platinum
electrode, and the electrolyte solution was 2 mol/L of KOH in the test. We added 2 mg
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of PVDF and an appropriate amount of NMP into a 5 mL flask and electromagnetically
stirred for 1.5 h. Then, 2 mg of acetylene black was added and stirred for 0.5 h. Active
substances (CuxSy (I, II, III, IV and V) and Cu2S (I, II and III)) were added for 16 mg, sealed,
and stirred for 12 h to get the solution. We evenly dropped 0.3 mL of solution on the round
sheet nickel foam wafer with a diameter of 10 mm, and then ventilated and dried it for 8 h.
It was then vacuum dried for 12 h. Finally, the small wafer was connected with the pole ear
at a pressure of 10 Mpa, and the test electrode was prepared by vacuum drying for 12 h.

4. Conclusions

Different stoichiometric coefficient copper sulfides, such as CuS, Cu7S4, Cu9S5, Cu7.2S4,
and Cu2S with uniform morphology, were prepared by a hydrothermal method. Electro-
chemical tests show that different copper sulfides exhibit pseudocapacitance properties
when used as electrode materials for supercapacitors. In addition, the specific capacitance
of copper sulfide increases with the increase of copper stoichiometric coefficient to sulfur.
The main reason is that the increase of active sites makes more OH− participate in the
pseudocapacitive reaction. It can be seen from the cyclic test at the current density of
10 A/g that cuprous sulfide has the best circulability. After activation, the specific capaci-
tance can reach 547.9 F/g. Cu9S5 was followed by Cu7S4, CuS was average, and Cu7.2S4
was the worst. The agglomerated cuprous sulfide was successfully synthesized by the
hydrothermal method. The microporous cuprous sulfide was successfully prepared by
changing the reaction solvent. The nanometer cuprous sulfide was obtained by annealing
microporous cuprous sulfide. Electrochemical tests show that the morphology has little
effect on the pseudocapacity and impedance of cuprous sulfide. However, the specific ca-
pacitance is proportional to the specific surface area of different morphologies. In addition,
the circulation of microporous cuprous sulfide is the worst. The reason is that its structure
stability is poor; with the progress of the cycle, the structure of the material is destroyed,
resulting in the constant decline of specific capacitance.
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Abstract: The anode-free lithium metal battery (AFLMB) is attractive for its ultimate high energy
density. However, the poor cycling lifespan caused by the unstable anode interphase and the
continuous Li consumption severely limits its practical application. Here, facile one-step heat
treatment of the Cu foil current collectors before the cell assembly is proposed to improve the anode
interphase during the cycling. After heat treatment of the Cu foil, homogeneous Li deposition is
achieved during cycling because of the smoother surface morphology and enhanced lithiophilicity of
the heat-treated Cu foil. In addition, Li2O-riched SEI is obtained after the Li deposition due to the
generated Cu2O on the heat-treated Cu foil. The stable anode SEI can be successfully established
and the Li consumption can be slowed down. Therefore, the cycling stability of the heat-treated
Cu foil electrode is greatly improved in the Li|Cu half-cell and the symmetric cell. Moreover, the
corresponding LFP|Cu anode-free full cell shows a much-improved capacity retention of 62% after
100 cycles, compared to that of 43% in the cell with the commercial Cu foil. This kind of facile but
effective modification of current collectors can be directly applied in the anode-free batteries, which
are assembled without Li pre-deposition on the anode.

Keywords: anode-free Li metal batteries; current collector modification; anode interface; solid
electrolyte interphase

1. Introduction

Lithium metal batteries (LMBs) have received board interest mainly due to the highest
theoretical specific capacity (3860 mAh g−1) and the lowest redox potential (−3.04 V vs.
the standard hydrogen electrode) of Li metal anodes [1–4]. AFLMB, whose Li source is pro-
vided only by the cathode, can be the ultimate choice among all the lithium metal batteries
due to its high energy density and easy fabrication [5–7]. When the cathode is determined,
the anode-free system achieves the highest gravimetric and volumetric densities among the
combination options that use graphite, Sn, Si or Li metal anodes [8]. Avoiding the direct
use of Li metal simplifies the battery fabrication and improves the security.

However, the AFLMB suffers from the predicaments caused by the extremely high
reactivity of Li metal and colossal volume change during the repeated Li cycling, including
the growth of Li dendrites, the generation and accumulation of dead Li, and the side
reactions between metallic Li and the electrolyte [9–11]. Stable anode SEI is hard to establish
and the active lithium is consumed continuously, which accelerates the battery failure [12].
The AFLMB without modification usually falls below 50% capacity retention in fewer than
50 cycles, which is far from the commercial application [5].

To improve the performance of AFLMB, many strategies have been proposed in recent
years, such as the modification of current collectors [13–16], the electrolyte optimization [17–20],
the lithium compensation in the cathode [21–23], and the optimization of external conditions
(the mechanical pressure [24,25], the temperature [26,27], the cycling conditions [28], and
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so on). In AFLMB, it is worth noting that the initial lithium deposition morphology and
formed solid electrolyte interphase (SEI) formed on the current collectors can influence
the long-term evolution of the Li metal anode [29–32], which determines the cycle life
of the batteries to a large extent. Thus, the properties of current collectors can play a
crucial part in anode stabilization design. The “charge-induced growth model” reveals
that the charge accumulation is beneficial to early Li dendrite growth [33]. Considering
the “tip effect” that a protrusion on the electrode exhibits a stronger electrical field and
gathers more charges [34,35], the surface structure of the current collectors should be
smooth and flat. Moreover, whether the current collectors are lithiophilic or lithiophobic
influences the Li nucleation pattern, which has an important effect on the lithium deposition
morphology [29], and the current collectors should better be lithiophilic. The surface
composition of some modified current collectors can also regulate the SEI through the
reaction with the deposited Li, such as the content of LiF or Li2O in SEI, which can be
improved by modifying the current collectors with active fluoric or oxygenic species, while
LiF and Li2O are widely known to regulate the Li+ transfer and enhance the structural
modulus [36–39]. The rational design of the reaction can contribute to building high-
quality SEI.

In this work, a facile one-step heat treatment method is proposed to modify the surface
structure, lithiophilicity, and even surface composition of the commercial Cu current
collectors, and the optimal heat treatment time is identified to be 10 min. The heat-treated
Cu foil shows a flatter surface morphology with fewer fluctuations than the commercial
Cu foil, which avoids the charge accumulation and controls the lithium-ion flux. Cu2O is
found to generate on the surface and the lithiophilicity is enhanced after the heat treatment.
The Cu2O is demonstrated to transform into Li2O after Li deposition, constructing Li2O-
riched SEI and improving the anode stability. As a result, when the 3.5 mAh cm−2 areal
capacity LiFePO4 (LFP) cathode is used, the anode-free full cell with the heat-treated Cu
foil maintains high capacity retentions of 62% and 47% after 100 and 200 cycles, compared
to that of 43% and 31% in the cell with the commercial Cu foil.

2. Results and Discussion

The commercial Cu foils were heat-treated by a facile one-step method. They were
heated at 320 °C in the atmosphere for 5, 10 and 15 min for comparison. The color of the Cu
foils was changed from purplish red (Cu foil) to dark blue (Cu–5) and dark brown (Cu–10
and Cu–15) after the heat treatment, as shown in the insets of Figure 1a–d. The SEM image
of the Cu foil shows rough morphology with distinct grains (Figure 1a), while the grains
become blurred and the surface morphology becomes smooth gradually with the extension
of heat treatment time (Figure 1b–d). The cross-sectional SEM images of the Cu foils in
Figure 1e–h also confirm the trend of the morphology change.

To identify the changes in surface composition of the Cu foils, the Raman spectra
and the XRD tests were performed. Raman spectrum is a kind of molecule scattering
spectroscopy, which is characterized by the frequency excursion caused by the interactions
of the molecule and photon to show the information of molecule. As shown in Figure 1i,
the commercial Cu foil shows no signal because there is no molecular structure in the metal
elementary substance, while the heat-treated Cu foils reveal obvious characteristic peaks
of Cu2O at 156, 222, 654 cm−1 and a weak characteristic peak of CuO at 305 cm−1 [40,41].
The XRD patterns of different samples in Figure 1j both show three strong characteristic
peaks of Cu at 43◦, 51◦ and 74◦ (PDF#04-0836), which means the main ingredient of the
current collectors is still Cu. However, the intensity of the characteristic peaks of Cu2O at
36◦ and 42◦ (PDF#05-0667) increases gradually, as shown in the partially enlarged drawing
of Figure 1k, and no characteristic peak of CuO is found. Taking into account the results of
SEM images, the Raman spectra and the XRD patterns, it is believed that a thin layer of
Cu2O with little CuO is generated on the surface of the Cu foils after the heat treatment
and the amount of Cu2O increases with the extension of the heat treatment time.
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Figure 1. (a–d) Surface and (e–h) cross-sectional SEM images of the (a,e) commercial Cu foil,
(b,f) Cu–5, (c,g) Cu–10 and (d,h) Cu–15. The inset is the corresponding optical photos. (i) Ra-
man spectra of different Cu foils. (j) XRD patterns and (k) the partially enlarged drawing at 33–42◦

of different Cu foils.

CE tests of different Cu foils in Li|Cu half-cells were performed to reveal the optimum
heat treatment time in Figure 2a. With the current density of 1 mA cm−2 and the areal
capacity of 2 mAh cm−2, the half-cell with the Cu–10 shows the best cycle life of 160 cycles.
A total of 137 and 127 cycles are achieved in the cells with the Cu–5 and Cu–15, while only
56 cycles are achieved when the commercial Cu foil is used. It is worth noting that there is
a certain amount of discharge capacity above 0 V in the first cycle, as shown in Figure 2b,
which may mean the reaction between Cu2O and the deposited Li. However, the reaction
is almost irreversible in the following charge process and causes the loss of the active Li,
which is a severe issue in the lithium-limited AFLMB. Thus, the discharge capacity above
0 V should be as little as possible. The amount of Cu2O is critical. The effect is limited
with little Cu2O, and active Li is lost severely with much Cu2O. Overall speaking, Cu–10
samples are better than Cu–5 and Cu–15. The optimum heat treatment is chosen to be
10 min through the above analysis. Only the characterization and electrochemical tests of
the commercial Cu foil and Cu–10 are compared in the following part.

The atomic force microscope was applied to further characterize the change in the
surface morphology of the Cu foils, as shown in Figure 2c,d. The AFM images of the
commercial Cu foil show a longitudinal fluctuation of 943 nm in a 5 μm × 5 μm area,
which is much larger than that of 521 nm in the Cu–10. In addition, the grains seem to
be smaller after the heat treatment. Smaller longitudinal fluctuation and grains mean
a smoother surface morphology which is beneficial to the homogenization of charges.
Figure 2e shows the lithiophilicity tests of the Cu foil and the Cu–10. Two of the same Li
foils were put on different Cu foils and heated at 200 ◦C simultaneously on the hot plate.
The molten Li on the commercial Cu foil turns into a sphere so as to decrease the contact
area with the lithiophobic surface, while the molten Li completely spreads on the Cu–10.
The obvious contrast reveals the improvement of the lithiophilicity, which is beneficial to
the Li nucleation on the current collectors.
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Figure 2. (a) Coulombic efficiency and (b) the first discharge profiles of the cells using the commercial
Cu foil, Cu–5, Cu–10 or Cu–15. AFM images of the (c) commercial Cu foil and (d) Cu–10. (e) Optical
photos of Li foil on the commercial Cu foil or Cu–10 before and after heating at 200 ◦C.

To demonstrate the effect of modified Cu foils on the Li deposition morphology, the
Li|Cu half-cells were cycled at 1 mA cm−2 for 5 cycles and disassembled for SEM tests.
Figure 3a,b shows the surface and cross-section SEM images when the 2 mAh cm−2 areal
capacity is applied. Due to the rough and lithiophobic surface of the commercial Cu
foil, the Li deposition morphology is uneven with many protrusions (Figure 3a,b), which
will further cause the growth of Li dendrites and the instability of the anode interphase.
As shown in Figure 3c,d, when the areal capacity is increased to 4 mAh cm−2, the Li
dendrites are evident on the surface. It can be speculated that there must have been
many side reactions occurring at the anode. The Li deposition morphology is dense and
homogeneous when the Cu–10 is used, whether the 2 mAh cm−2 or 4 mAh cm−2 areal
capacity is applied (Figure 3e–h). This is benefited from the smoother surface morphology
and the lithiophilicity of Cu–10, which is better for the homogenization and the nucleation
of Li-ions.

 
Figure 3. Surface and cross-sectional SEM images of (a,b,e,f) 2 mAh cm−2 and (c,d,g,h) 4 mAh cm−2

Li deposition on the (a–d) commercial Cu foil and (e–h) Cu–10.

XPS spectra were employed to analyze the components of SEI on the cycled Li-Cu
anodes after five cycles. As shown in Figure 4a, the Cu 2p spectrum of the commercial
Cu foil electrode shows no obvious peaks, demonstrating that there is no Cu in the SEI
and the thickness of the deposited Li is greater than the depth of XPS detection (a few
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nanometers). However, the Cu 2p spectrum of the Cu–10 electrode shows two peaks at
931.8 and 951.5 eV, corresponding to Cu 2p3/2 and Cu 2p1/2, respectively. In addition, the
O 1s spectra in Figure 4b show a strong peak at 528.8 eV of Li2O for the Cu–10 electrode,
while showing a negligible peak for the commercial Cu foil electrode. In consideration
of the Cu 2p and O 1s spectra, it is believed that after the Li deposition, the Cu2O on the
Cu–10 transforms into Cu and Li2O, which further participate in the formation of SEI.

Figure 4. (a) Cu 2p and (b) O 1s XPS spectra of the surface of the commercial Cu foil and Cu–10 after
Li deposition. Schematic illustrations of Li deposition on the (c) commercial Cu foil and (d) Cu–10.

Based on the above analysis, a comprehensive modification mechanism of the current
collector is proposed when the commercial Cu foil is heat-treated (Figure 4c,d). On the one
hand, the heat treatment makes the surface morphology smoother before the Li deposition,
which is beneficial to the homogenization of charges and Li-ions’ flux. Moreover, the Cu2O
generated on the surface increases the lithiophilicity, improving the Li nucleation. On the
other hand, the Cu2O can transform into Cu and Li2O after Li deposition, which promoted
the formation of Li2O-riched SEI on the Cu–10 electrode rather than the fragile SEI on
the commercial Cu foil electrode. Li2O is reported to be a favorable component of SEI to
facilitate Li+ transportation [37], prevent excessive decomposition of the electrolyte [42],
and provide the required mechanical strength [43]. Consequently, uniform Li deposition
and stable anode interphase are gained on the Cu–10 electrode.

The effectiveness of the modified current collector in improving the stability of the
Li-Cu anode was further verified by the electrochemical tests. Figure 5 shows the CE
tests of different Cu foil electrodes at a current density of 1 mA cm−2 with various areal
capacities. In Figure 5a, the CE values of the commercial Cu foil electrode reach 98.9%
at 1 mAh cm−2 in the initial cycles but then drop to 98.4%, and finally fail in 130 cycles.
The CE values of the Cu–10 electrode stabilize at 98.7% in a few cycles and eventually
maintain at 99.0% after 400 cycles. As shown in Figure 5b–d, when the areal capacity is
increased to 4 mAh cm−2, the cell with the commercial Cu foil can only stabilize for 40
cycles and the plating/stripping overpotential gradually grow larger, while stable 100
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cycles are achieved and almost constant overpotential is maintained in the cell with the
Cu–10. The huge difference in the cycling stability is connected to the interphase between
the deposited Li and the electrolyte. Poor interphase causes the growth of Li dendrites, the
formation of the dead Li and the continuous side reaction, which accelerates the failure
of the cell using the commercial Cu foil in the CE test. The smooth surface morphology
and the lithiophilicity of the Cu–10, as well as the Li2O-riched SEI on the Cu–10 electrode,
facilitate stable interphase, further guaranteeing the outstanding performance in the CE
test.

Figure 5. Coulombic efficiency of the cells using the commercial Cu foil and Cu–10 at 1 mA cm−2 with
the capacity of (a) 1 mAh cm−2 and (b) 4 mAh cm−2. The corresponding voltage profiles of the cells
using the (c) commercial Cu foil and (d) Cu–10 at different cycles with the capacity of 4 mAh cm−2.

The cycling stability of the anode with a limited Li source is evaluated through the
symmetric cell, as shown in Figure 6a. The Cu foil electrodes were pre-deposited at
6 mAh cm−2 Li before being assembled for symmetric cells. Under a current density
of 1 mA cm−2 with a capacity of 2 mAh cm−2, the polarization of the symmetric cell
with the commercial Cu foil electrodes obviously increases after cycling for 400 h. The
overpotential even reaches 0.4 V after 600 h, demonstrating the formation of the unstable
interphase. However, the symmetric cell with the Cu–10 electrodes can run for 1100 h
and always maintain the overpotential below 25 mV. The improved interphase stability
derives from the modified Cu–10 current collectors. To further verify the modification
effect, the anode-free full cells with 3.5 mAh cm−2 LFP cathodes and Cu foil anodes were
assembled for the test. All the Li source comes from the cathode and the N/P ratio is 1 in
the anode-free battery; thus, any Li loss caused by the unstable interphase will reflect in
the capacity drop of the full cell. In the Cu–10||LFP full cell, the Li released from the
LFP cathode reacts with the Cu2O on the Cu–10 firstly and then forms metal Li during
the first charging process. The Cu2O transforms into Cu and Li2O after Li deposition. It
is irreversible during the first discharging process. Thus, the initial coulombic efficiency
of Cu–10||LFP cell is lower than that of the Cu||LFP cell. As shown in Figure 6b,c, the
anode-free full cell with the commercial Cu foil delivers an initial discharge capacity of
137 mAh g−1, and it retains at 59 and 42 mAh g−1 with capacity retentions of 43% and
31% after 100 and 200 cycles, implying that the active Li is sharply consumed during the
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cycling process. As for the anode-free full cell with the Cu–10, it delivers a lower initial
discharge capacity of 129 mAh g−1, but it maintains 80 and 61 mAh g−1 with capacity
retentions of 62% and 47% after 100 and 200 cycles. The average values of the coulombic
efficiencies of Cu–10||LFP cell are 99.1% and 99.3% during the first 100 and 200 cycles,
higher than that of 98.7% and 99.1% of the Cu||LFP cell. The great promotion of the
electrochemical performance of anode-free batteries demonstrates that the heat treatment
of the Cu foil is beneficial to the establishment of the stable anode interphase although a
small amount of active Li will be lost at the initial cycles. In addition, the electrolyte of 1M
LiTFSI in DME-DOL + 2%LiNO3 we used here is friendly to lithium metal anode for the
moderate side reaction and favorable SEI. Thus, the dead lithium formation is reduced to
some extent and better electrochemical performance is obtained. However, the electrolyte
is still restricted by the inflammability and narrow electrochemical window. For better
application, other electrolytes with modified lithium salts or solvents should be tested and
less Li loss is expected during the Li plating/stripping in the future works [44–46].

Figure 6. (a) Voltage profiles of the symmetric cells using the commercial Cu foil and Cu–10.
(b) Cycling performance and (c) galvanostatic charge-discharge profiles of the anode-free full cells
using the commercial Cu foil and Cu–10.

3. Materials and Methods

3.1. Heat Treatment of Cu Foil

The commercial Cu foil in a crucible was transferred into the pre-heated muffle furnace
and heated at 320 ◦C for 5, 10, and 15 min in the atmosphere, respectively (denoted by
Cu–5, Cu–10, and Cu–15 in the following). Then, the Cu foil was immediately removed
from the muffle furnace so as to avoid excessive oxidation. The heat-treated Cu current
collectors were obtained after they were cut into circular pieces.

3.2. Characterization

The morphology of Cu foils and Li deposition morphology on the Cu foils were
characterized by a field-emission scanning electron microscope (FSEM, Sirion 200 and
Quanta 650 FEG, Eindhoven, Holland). The Raman spectra of the heat-treated Cu foils
were performed by a confocal Raman microscope (LabRAM HR800, Paris, France) with
a 532 nm excitation from an argon-ion laser. The X-ray diffraction (XRD) patterns of the
Cu foils were obtained on the equipment (PANalytical B.V., x’pert3 powder) using Cu
Kα radiation. An atomic force microscope (AFM, SPM9700, Shimadzu, Japan) was used
to measure the roughness of the Cu foils. X-ray photoelectron spectroscopy (XPS, AXIS
SUPRA+, Shimadzu-Kratos, Japan) was performed to explore the composition of SEI.
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3.3. Electrochemical Measurements

CR2032 coin cells were assembled for all electrochemical tests at 25 ◦C. Celgard
2400 polypropylene membranes were used as separators and 1 M lithium bis
(trifluoromethanesulfonyl)imide (LiTFSI) solution in 1,3-dioxolane (DOL) and
dimethoxymethane (DME) (1:1 by volume) with 2 wt% LiNO3 was used as the electrolyte.
The same amount of 50 μL electrolyte was added to each cell. For cathode preparation, the
LFP power, conductive carbon and polyvinylidene fluoride (PVDF) binder were mixed at
the weight ratio of 93:2.5:4.5 with the solvent of N-methylpyrrolidone. The homogeneous
slurry was then cast on carbon-coated Al foils and dried at 70 ◦C overnight. The mass
loading of LFP was about 20–24 mg cm−2. For the Li|Cu half-cells in the Coulombic
efficiency (CE) tests, 3 cycles cycling between 0.01–0.5 V were performed at 0.1 mA cm−2

for activation, then a certain amount of Li was deposited on different Cu foils and stripped
up to 0.5 V at different current densities. For the symmetric cells, two Cu foil electrodes
with 6 mAh cm−2 pre-deposited Li were assembled for tests. The anode-free LFP|Cu full
cells were charged at 0.2 C and discharged at 0.5 C between 2.5 and 3.8 V.

4. Conclusions

In summary, a high-performance AFLMB with a stable anode interphase is realized
through the modification of the Cu foil current collector via a facile one-step heat treatment
method. The more stable anode interphase is established on the modified Cu–10 due
to the following reasons: (1) The smoother surface morphology after the heat treatment
homogenizes the charges and the Li-ions flux. (2) The promoted lithiophilicity may improve
the Li nucleation and Li deposition; (3) the generated Cu2O on the surface facilitates
the Li2O-riched SEI, while Li2O can regulate Li+ transfer and strengthen the structural
modulus of SEI. As a result, the cycling stability of the Li|Cu half-cell in the CE test and
the symmetric cell is greatly enhanced. Noticeably, the anode-free LFP|Cu full cell with
the modified current collector exhibits superior electrochemical performance in the case
of the limited Li source, realizing high capacity retentions of 62% and 47% after 100 and
200 cycles. This work provides insights into a potential route toward the current collector
design for AFLMB or the other Li metal batteries.
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Abstract: Magnesium–sulfur batteries are an emerging technology. With their elevated theoretical
energy density, enhanced safety, and cost-efficiency, they have the ability to transform the energy
storage market. This review investigates the obstacles and progress made in the field of electrolytes
which are especially designed for magnesium–sulfur batteries. The primary focus of the review lies
in identifying electrolytes that can facilitate the reversible electroplating and stripping of Mg2+ ions
whilst maintaining compatibility with sulfur cathodes and other battery components. The review
also addresses the critical issue of managing the shuttle effect on soluble magnesium polysulfide
by looking at the innovative engineering methods used at the sulfur cathode’s interface and in the
microstructure design, both of which can enhance the reaction kinetics and overall battery efficiency.
This review emphasizes the significance of reaction mechanism analysis from the recent studies
on magnesium–sulfur batteries. Through analysis of the insights proposed in the latest literature,
this review identifies the gaps in the current research and suggests future directions which can
enhance the electrochemical performance of Mg-S batteries. Our analysis highlights the importance
of innovative electrolyte solutions and provides a deeper understanding of the reaction mechanisms
in order to overcome the existing barriers and pave the way for the practical application of Mg-S
battery technology.

Keywords: magnesium–sulfur; battery; electrolyte; non-nucleophilic; nucleophilic

1. Introduction

The successful application of rechargeable Li-ion batteries (LIBs) has lead to the
dramatic development of portable electronic devices, electric vehicles, and large-scale
energy storage systems in recent decades as the world attempts to tackle increasingly
intensive climate and environmental problems [1–4]. However, LIBs are failing to catch up
with the ever-growing safety and energy density demands of emerging applications, such as
electric vehicles with long endurances and unmanned aerial vehicles [3,5,6]. The high price
of the corresponding materials for LIBs also introduces concerns with the requirement for
new rechargeable battery systems to have an economical cost alongside their high-energy
density to achieve a sustainable future [7–10]. In recent decades, magnesium batteries
have attracted growing interest as a promising candidate for post-lithium-ion battery
systems [11–15]. Divalent Mg2+ enables two electron transfers per Mg atom, resulting in
a high theoretical specific capacity of 2205 mAh g−1 [16–18]. Considering the density of
magnesium, the Mg anode enables a high volumetric capacity of 3833 mAh mL−1, which is
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almost double that of lithium (2062 mAh mL−1) [17,19–22]. Moreover, a Mg anode displays
advantages such as low cost, high Earth abundance, and easy operation under air [23–25].

In spite of these advantages, the use of Mg as an anode in rechargeable batteries is still
hampered by the limited choice of electrolytes and cathode materials in view of facile passi-
vation of the Mg’s surface and the sluggish solid-state diffusion of the highly polar divalent
cations in the lattices [26–31]. Up until now, pure Mg-ion systems based on the intercalation
mechanism have had a limited energy density, usually less than 300 Wh kg−1 without
counting the weight of the solvent [32–34]. Therefore, it is highly desirable to develop novel
and safe systems and materials based on Mg2+/Mg metal conversion chemistry with a
higher energy density, where anode dendrite growth can be effectively suppressed [35–37].
Sulfur is one of the most promising candidates for conversion cathodes because of its high
theoretical capacity (1672 mAh g−1) and volumetric capacity (3459 mAh mL−1), as well as
its reserve abundance [38–41]. Sulfur cathodes have been well developed in Li-S battery
systems. The cell exhibits a high theoretical volumetric energy density of 2856 Wh kg−1,
which is over four times higher than that of LIBs [42,43]. However, Li-S batteries suffer from
poor long-term stability due to the formation of unwanted solid electrolyte interphases
(SEIs), shuttle effects, and the growth of lithium dendrites during their operation [44–46].
Compared to the intensive research process for Li-S batteries, Mg-S batteries show a higher
volumetric capacity of 3221 mAh mL−1 but they are still in their nascent stage [19,47].
Development has been impeded due to the numerous issues present in the system. Firstly,
suitable electrolytes are required. Commonly used Mg-ion battery electrolytes such as
magnesium perchlorate acetonitrile are nucleophilic in nature and therefore cannot support
the reversible Mg-ion redox reaction in a Mg-S battery [23]. Numerous efforts have been
made to find compatible electrolytes for the system. For example, Muldoon et al. reported
on a Hauser base electrolyte that is produced according to the reaction of AlCl3 with hexam-
ethyldisilazide magnesium chloride (HMDSMgCl) in a tetrahydrofuran (THF) solvent to
form a non-nucleophilic [Mg2(μ-Cl)36THF][HMDSAlCl3] complex, which showed a high
voltage stability of up to 3.2 V [48]. Furthermore, electrolyte additives such as salts, ethereal
solvents, and ionic liquid additives have been used to improve the performance of the elec-
trolyte used by Muldoon et al. above [49–51]. Non-nucleophilic electrolytes are pivotal in
augmenting the stability and efficiency of Mg-S batteries. Researchers have developed both
chloride-inclusive and chloride-exempt non-nucleophilic electrolyte systems. For example,
chloride-inclusive hexamethyldisilazane magnesium chloride (HMDSMgCl)-based non-
nucleophilic electrolytes have exhibited favorable compatibility with sulfur cathodes [52].
Moreover, notwithstanding the typical incompatibility of nucleophilic organic magnesium
compounds with sulfur-based conversion cathodes, scholars have effectively modified
nucleophilic (PhMgCl)2-AlCl3/THF electrolytes to conform to the needs of Mg-S batter-
ies [53,54]. These systems benefit from their similarity to the sulfur reduction mechanism
in Li-S batteries, which means it is possible to try to use the same base cathode materi-
als [44,55–57], electrolytes [58–60], separators [61–63], and methodologies [64,65] for the
development of Mg-S batteries.

The purpose of this review is to summarize the most up-to-date understanding in
the field of electrolytes for Mg-S batteries, highlighting the typical methods and examples
that have contributed to the development of these electrolytes. Furthermore, since the
research into Mg-S batteries is still in its early stages, the principle of Mg-S batteries will
also be discussed, as it has not yet been analyzed in the results of a definitive study. Finally,
the remaining challenges and future perspectives will be given in an attempt to inspire
researchers in this area.

2. Principle of Mg-S Batteries

The construction of a Mg-S battery (Figure 1a) comprises a magnesium anode, a sulfur
cathode, and electrolytes, which together illustrate the structure and working principle of
the battery. The magnesium atom loses two electrons during discharge, becomes Mg2+ at
the anode, and dissolves in the electrolyte. The Mg2+ migrates through the cell separator
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and reaches the sulfur on the electrolyte’s cathode side surface [66]. The electrons then
proceed to the sulfur cathode through an external connection, where elemental sulfur
generates electrons. In the sulfur cathode’s continuous reduction process, elemental sulfur
is transformed into long-chain magnesium polysulfide (MgSx, 4 ≤ x ≤ 8), which dissociates
into short-chain magnesium polysulfide (MgSx, 2 ≤ x < 4). This short-chain magnesium
polysulfide is then transformed into magnesium sulfide (MgS) [55,67–69]. The external
circuit applies a current or voltage to the Mg-S battery during the charging process. In the
MgS, S2− loses electrons and transforms into elemental sulfur, followed by the dissolution
of Mg2+ in the electrolyte. The magnesium ions in the electrolyte migrate from the cathode
to the magnesium anode, driven by the current, which completes the Mg-S battery’s
discharge/charge cycle. In the anode of magnesium, Mg is oxidized during the discharging
process. The cathode is restored during the charging process to complete the battery’s
internal migration and forms a complete battery path [26,56,70]. The main equations for
the reactions are as follows:

 

Figure 1. (a) Structure and working principles of Mg-S battery; (b) proportional representation of
research directions, including electrolytes, sulfur-based cathodes, magnesium anodes, separators, current
collectors, and mechanistic studies; (c) significant advancements in the Mg-S battery field since 2011.

Magnesium anode: Mg − 2e− = Mg2+,
Sulfur cathode: S + 2e− + Mg2+ = MgS,
Total response: Mg + S = MgS.
So far, the research on Mg-S batteries has focused on the cathode, anode, and elec-

trolyte (Figure 1b). The materials of the anode and cathode in Mg-S batteries include the
following types:

Anode: Mg metal is the most commonly used anode material for Mg-S batteries; de-
pending on the type of battery, its form may vary between foils [17,67,71,72], plates [51,73],
and discs [74–77]. In addition to Mg metal, Mg–carbon composite materials are also used
as anode modifiers [55,78,79]. The carbon provides the anode with good electronic conduc-
tivity and a high surface area, meaning a higher capacity and current rate capacity [80].

Cathode: The material of the cathode is a primary research priority for Mg-S battery
performance enhancement [81]. The composition of the cathode materials mainly includes
S/carbon and S/MOF. The role of the carbon [17,52,82–84] and Metal–Organic Frameworks
(s) [72] in the cathode is mainly that of a conductive agent, due to the low electrical
conductivity of sulfur. Since 2014, when Zhao-Karger et al. used CMK-3 [55], a mesoporous
carbon material, as the conductive agent and as a container to fix the sulfur and mitigate the
shuttle effect [85], increasing numbers of researchers are now implementing mesoporous-
structure conductive agents in the cathode material of Mg-S batteries [54,86,87].

Furthermore, the study of electrolytes also accounts for a significant proportion of the
research, and this is the focus of this review.
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3. Recent Developments in Electrolytes

The performance of Mg-S batteries is significantly influenced by the characteristics
of the electrolyte used. In recent years, there has been an increasing focus on research
pertaining to the electrolytes and mechanisms of Mg-S batteries (Figure 1b,c). This shift in
focus is attributed to the realization among researchers that advancements in the electrode
materials alone are insufficient to significantly enhance the electrochemical performance of
Mg-S batteries. Only by elucidating the working mechanism of these batteries, addressing
the shuttle effect, and enhancing the mass transfer efficiency can Mg-S batteries progress
beyond the laboratory stage [88–90]. The ideal electrolyte for Mg-S batteries should facilitate
the reversible deposition and stripping of magnesium at the anode and enable the efficient
utilization of sulfur at the cathode [59,61,91]. Based on the chemical reactions, they can be
classified into two categories: non-nucleophilic and nucleophilic electrolytes. A comparison
of the key performance statistics of notable nucleophilic and non-nucleophilic electrolytes
is shown at the end of Table 1.

Table 1. Electrolyte systems in Mg-S batteries (according to electrolyte type and in chronological order).

Author/Year
Electrolyte

Type
Solute Solvent Additives

Coulombic
Efficiency

[%]

Capacity
[mAh g−1sulfur]/

Current Rate/
Cycle Number

H.S. Kim et al.,
2011 [52]

Non-
nucleophilic

Cl-containing

HMDSMgCl THF AlCl3 95–100 394/no data/2nd

Zhao-Karger, Z
et al., 2013 [92]

(HMDS)2Mg/
(i-Pr2N)2Mg

THF/Diglyme/
Tetraglyme AlCl3 97–98 90/10 mA g−1/30th

Zhao-Karger
et al., 2014 [55] (HMDS)2Mg Diglyme/

Tetraglyme
AlCl3+

PP14TFSI 100

150/0.01 C/20th
(PVDF, diglyme)
200/0.01 C/20th
(CMC, diglyme)
250/0.01 C/20th

(PVDF, tetraglyme)
260/0.01 C/20th

(CMC, tetraglyme)
Gao et al., 2015

[17] (HMDS)2Mg No Data AlCl3 +
LiTFSI 92 1000/0.03 C/30th

Du et al., 2017
[71] B(HFP)3/OMBB DME MgCl2

80.4%
(100th) 1000/0.1 C/100th

Zhao et al., 2019
[93]

Magnesium
bis(diisopropyl)

amide
THF AlCl3 + LiCl 94 400/0.04 C/100th

Yang et al., 2018
[53]

Mg(CF3SO3)2 +
anthracene

THF +
Tetraglyme

AlCl3 + LiCl/
LiCF3SO3

100 300/0.05 C/55th
400/0.05 C/55th

Sun et al., 2021
[94] Mg(TFSI)2 DME MgCl2 +

rPDI
99.4
98

110 (1 mg cm−2

loading)/15 C/1000th
100 (10 mg cm−2

loading)/1 C/200th
Xu et al., 2019

[95] Mg(BPh4)2 PYR14TFSI YCl3 98.7 1000/0.04 C/50th

Li et al., 2016
[77]

Non-
nucleophilic

Cl-free

[Mg(THF)6]2+ PYR14TFSI +
THF No data 100 63/0.02 C/20th

Zhao-Karger, Z
et al., 2017 [51] Mg[B(hfip)4]2 DME + TEG No data 100 200/0.1 C/100th

Zhao-Karger, Z
et al., 2018 [84] Mg[B(hfip)4]2 DME No data 100 200/0.1 C/100th

Zhang et al.,
2017 [50] THFPB DME MgF2 100 900/0.03 C/30th

Ren et al., 2021
[60] MBA + AlF3 THF LiTFSI +

PP14TFSI 100 260/0.2 C/70th
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Table 1. Cont.

Author/Year
Electrolyte

Type
Solute Solvent Additives

Coulombic
Efficiency

[%]

Capacity
[mAh g−1sulfur]/

Current Rate/
Cycle Number

Zeng et al., 2017
[96] Nucleophilic

(PhMgCl)2 THF AlCl3 100 300/0.005 C/40th

Wang et al.,
2018 [54] (PhMgCl)2 THF AlCl3 100 368/0.1 C/200th

3.1. Non-Nucleophilic Electrolytes

Owing to the electrophilic nature of elemental sulfur, it reacts with the nucleophilic
substances in nucleophilic electrolytes, adversely affecting the stability and efficiency of
batteries [52,73,74,77]. Therefore, in the design and application of Mg-S batteries and
other sulfur-based batteries, researchers predominantly employ electrolytes with non-
nucleophilic properties. In this section, there are two types of non-nucleophilic electrolyte
systems in Mg-S batteries, which are chloride-containing and chloride-free.

3.1.1. Chloride-Containing

A moderate concentration of Cl− is regarded as beneficial, not only for stabilizing Mg2+

but also for dissolving the passivating species on the Mg anode, thereby enhancing the Mg
plating/stripping process. A hexamethyldisilazide magnesium chloride (HMDSMgCl)-
based non-nucleophilic electrolyte, which exhibits good compatibility with sulfur cathodes,
was synthesized in 2011 by H.S. Kim et al. [52]. The interaction between the HMDSMgCl
electrolyte and the Lewis acid AlCl3 was investigated, with the objective of enhancing the
electrochemical performance. By varying the acid-to-base ratio and reaction time, it was
observed that the electrolyte’s electrochemical performance peaked after a 24-hour reaction
period, specifically when the HMDSMgCl-to-AlCl3 ratio was 3:1. As illustrated by the green
and blue lines in Figure 2a, the current density for Mg deposition exhibited an approximate
sevenfold increase following the addition of AlCl3. However, the voltage stability of
the HMDSMgCl electrolyte did not show any improvement (Figure 2b). To identify the
reaction products of HMDSMgCl with AlCl3, crystals were harvested through the slow
diffusion of hexane. The crystal structure [Mg2(μ-Cl)3·6THF][HMDSAlCl3] (Figure 2c)
was determined using single-crystal X-ray diffraction. This structure was found to feature
a cation with two octahedrally coordinated Mg centers, each containing three chlorine
atoms. THF molecules, through oxygen coordination, occupy the remaining three sites
on each Mg center. According to the constant current charging and discharging data, the
specific capacity during the first discharge was approximately 1200 mAh g−1. However,
the overpotential reached approximately 1.1 V, and the capacity rapidly decayed to around
395 mAh g−1 (Figure 2d). This study offers a novel perspective on the development of
non-nucleophilic electrolytes for Mg-S batteries.

In order to synthesize the magnesium-bis-(hexamethyldisilazide) [(HMDS)2Mg] and
AlCl3-based non-nucleophilic electrolyte in different ethers, a number of one-step strategies
were employed by Z. Z. Karger et al. in 2013 [92]. Through the means of chemical
processes involving magnesium bisamide and Lewis acids in aprotic solvents, the non-
nucleophilic electrolyte for magnesium batteries was synthesized, which had an excellent
electrochemical performance. The in situ process-generated electrolyte possessed excellent
characteristics, such as a high anode stability, excellent ionic conductivity, good cycling
efficiency, and feasibility of preparation. With these advantageous properties, it holds great
promise in the area of rechargeable magnesium batteries.
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Figure 2. (a) Cyclic voltammograms of HMDSMgCl (green), the reaction product generated in situ
from a 3:1 mixture of HMDSMgCl to AlCl3 (blue), and the crystal obtained from a 3:1 mixture of
HMDSMgCl to AlCl3 (red). Inset shows the charge balance during the deposition and subsequent
dissolution of Mg. (b) Enlargement of 2–3.5 V region of (a) highlighting the oxidative stability of the
electrolytes. (c) ORTEP plot (25% thermal probability ellipsoids) of [Mg2Cl3·6THF][HMDSAlCl3].
Hydrogen atoms, THF crystallization, and second component of disorder are omitted for clarity.
(d) Discharge and charge of a Mg-S coin cell at 50 and 25 μA, respectively. XPS spectra were
taken from coin cells at various stages of cycling [52]. Cyclic voltammograms of the electrolyte in
(e) diglyme solution (blue) and tetraglyme solution (red) and (f) diglyme/PP14TFSI solution (green)
and tetraglyme/PP14TFSI solution (purple), using Pt as electrode at a scan rate of 25 mV s−1. Initial
discharge–charge curves of S/CMK400PEG composite using (g) PVDF binder and (h) CMC binder in
the electrolyte in diglyme (gray), tetraglyme (red), diglyme/PP14TFSI (blue), tetraglyme/PP14TFSI
(green). (i) Cycling performance of S/CMK400PEG cathode in the electrolyte in diglyme/PP14TFSI
(denoted as DEGIL in blue), in tetraglyme/PP14TFSI (denoted as TEGIL in green), and in tetraglyme
(denoted as TEG in red) using CMC and PVDF as binders, respectively [55]. (a–d) Copyright © 2011,
Hee Soo Kim et al. (e–i) © Copyright 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.

To advance the performance of Mg-S batteries, Z. Z. Karger et al. explored a novel
preparation method for non-nucleophilic electrolyte solutions using a two-step reac-
tion in one pot [55]. This study initially employed (HMDS)2Mg-based diglyme and
tetraglyme electrolyte solutions for constructing Mg-S batteries, integrating N-methyl-
N-butylpiperidinium bis(trifluoromethanesulfonyl)imide (PP14TFSI) as an additive into
these electrolytes. During the testing phase with a sulfur cathode (S/CMK), the electrolytes
based on diglyme and tetraglyme demonstrated distinct capacities of 250 and 550 mAh
g−1, respectively. However, the Mg-S batteries exhibited low-capacity retention, with a
discharge potential of 1.65 V. Furthermore, the study also assessed the role of the ionic
liquid (IL) PP14TFSI as a cosolvent in the electrolyte. Utilizing a PVDF binder and a
tetraglyme/PP14TFSI solution, the batteries initially delivered approximately 800 mAh g−1

in the first cycle, but this value was significantly reduced to around 350 mAh g−1 in the
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subsequent cycle. Conversely, the batteries containing TEGIL (tetraglyme and PP14TFSI)
with binders of either PVDF or CMC maintained a stable reversible capacity of about 260
mAh g−1 after over 20 cycles (Figure 2e–i). This study elucidated that the electrochemical
conversion of magnesium and sulfur demonstrates a fundamentally unique battery chem-
istry compared to Li-S systems. It was observed that the significant hysteresis between the
discharge and charge voltages during cell cycling contributes to the capacity degradation of
the batteries. This type of electrolyte has garnered considerable interest among researchers,
with scholars like Vinayan et al. [79], Yu et al. [82], and many other researchers also utilizing
it to investigate Mg-S batteries.

Previous research on lithium-ion and lithium–sulfur batteries has demonstrated that
the physicochemical properties of electrolytes can be effectively enhanced with the ad-
dition of electrolyte additives. Furthermore, these additives can have a positive impact
on the electrochemical performance of battery systems. In 2015, Gao et al. introduced a
novel strategy to augment the reversibility of Mg-S chemistry [17]. A non-nucleophilic Mg
electrolyte, supplemented with LiTFSI additives, facilitates the integration of a reversible
polysulfide redox process into the cathode with Mg deposition/stripping at the anode.
Galvanostatic charge–discharge tests revealed that the specific capacity of the primary mag-
nesium electrolytes was approximately 650 mAh g−1. Notably, the electrolyte containing
LiTFSI exhibited a reversible capacity of around 1000 mAh g−1 at 71 mA g−1, with a stable
voltage plateau at 1.75 V, maintaining stability for 30 cycles (Figure 3a–e). This enhanced
reversibility is attributed to two main factors: (1) Li+ ions participating in the cathode
reaction, either forming readily rechargeable Li polysulfide (Li-PS) or integrating into the
Mg-PS to create hybrid Mg/Li polysulfide (MgLi-PS) during discharge. (2) The hard Lewis
acid characteristic of Li+ coordinating strongly with the surface S2− of the lower-order Mg-
PS, thereby increasing its solubility, reducing the reoxidation energy barrier, and rendering
it electrochemically active. A reversible capacity of 1000 mAh g−1 is one of the highest
shown in the Mg-S battery research so far, as shown in Table 1.

 

Figure 3. (a) Charge/discharge curves of sulfur cathode in 0.1 M Mg-HMDS + 1.0 M LiTFSI elec-
trolyte in a three-electrode cell at a current of 71 mAh g−1 at room temperature. Arrow illustrates the
capacity-increasing trend of the ACC/S composite cathode as a result of slow electrolyte penetra-
tion. (b) Cycling stability of the Mg-S battery in electrolyte with and without LiTFSI. (c) Working
mechanism of the Mg-S battery with LiTFSI additive. Comparison of surface XPS measurements of
Mg anode cycled in Mg-HDMS in the absence (d) and presence (e) of LiTFSI [17]. Copyright © 2015,
American Chemical Society.

In 2017, Du et al. proposed an organic magnesium borate-based (OMBB) elec-
trolyte, predominantly comprising a tetrakis(hexafluoroisopropyl) borate anion [B(HFP)4]−
(Figure 4a) and a solvating cation [Mg4Cl6(DME)6]2+ [71]. This electrolyte was synthesized
using a simple in situ process involving tris(hexafluoroisopropyl)boronic acid [B(HFP)3],
MgCl2, and Mg powder in 1,2-dimethoxyethane (DME). The overpotential was approxi-
mately 0.07 V at a current density of 0.1 mA cm−2 and increased marginally, with a rise in
the current density from 0.1 mA cm−2 to 1 mA cm−2 (Figure 4b). Various sulfur–carbon
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composite materials (S-AMC, S-CNT, and S-CMK), prepared using the melt diffusion
method, were employed to evaluate the OMBB electrolyte’s compatibility. Among these
sulfur–carbon composite cathodes, tested at a current density of 160 mA g−1, the highest
specific discharge capacity achieved was 1247 mAh g−1 (Figure 4c). Additionally, the
S-CNT cathode exhibited a capacity retention rate of 80.4% after 100 cycles. The specific ca-
pacity of the sulfur–carbon composite cathodes increased initially, which may be attributed
to the 0.5 M OMBB electrolyte’s self-conditioning effect, as it gradually permeated into the
sulfur–carbon composite cathode. Both the discharge and charge curves feature two distinct
voltage plateaus (Figure 4d). Remarkably, the Mg-S-CNT battery maintained a discharge
capacity of about 500 mAh g−1 even at a current rate of 500 mA g−1. Electrochemical
impedance spectroscopy (EIS) measurements (Figure 4f) were conducted to investigate the
reasons for the initial increase in specific capacity. These measurements revealed a sharp
decrease in the charge transfer resistance (Rct) during the initial cycles, elucidating the
enhanced discharge capacity observed.

 

Figure 4. (a) ORTEP plot (50% thermal probability ellipsoids) of the molecular structure of crystalline
[Mg4Cl6(DME)6][B(HFP)4]2. Hydrogen atoms are omitted for clarity. (b) Polarization properties of
Mg/Mg symmetrical cells with the 0.5 M OMBB electrolyte at current densities of 0.1, 0.2, 0.4, 0.5, and
1 mA cm−2; the cycling time was 1 h per cycle (30 min charging and 30 min discharging). (c) Discharge
capacities and Coulombic Efficiency as a function of the cycle number for different S-C composite
cathodes at a current rate of 160 mA g−1 in the 0.5 M OMBB electrolyte. (d–f) Electrochemical
characterization of the Mg-S-CNT battery in the 0.5 M OMBB electrolyte: (d) galvanostatic discharge–
charge profiles for different cycles at a current rate of 160 mA g−1; (e) discharge capacities and
Coulombic Efficiency at different charge–discharge current rates; (f) EIS measurements after different
cycles (charge–discharge at a current rate of 160 mA g−1). The colored points represent the results of
the tests, and the colored lines are the corresponding fitting curves [71]. The cycling curves (g) and
cycling efficiency (h) of Mg plating/stripping on the SS substrate from 0.25 mol L−1 MBA–AlCl3/THF
electrolytes with 2:1, 1:1, and 1:2 MBA-to-AlCl3 molar ratios. Discharge–charge profiles at 0.04C of the
S@MC|Mg coin cell with 0.25 mol L−1 BMA + 2AlCl3/THF electrolyte (i) and 0.25 mol L−1 BMA +
2AlCl3 + 0.5 mol L−1 LiCl/THF electrolyte (j). Cycling performance (inset) and Coulombic Efficiency
at 0.04C of S@MC|Mg coin cells with 0.25 mol L−1 BMA + 2AlCl3/THF electrolytes containing
LiCl at different concentrations (k). The cycling performance at 0.04 C of S@MC|Mg coin cells with
0.4 mol L−1 (PhMgCl)2 + AlCl3/THF and 0.25 mol L−1 BMA + 2AlCl3/THF electrolytes containing
1.0 mol L−1 LiCl (l) [93]. Copyright © The Royal Society of Chemistry 2017.
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In 2019, Zhao et al. synthesized a remarkable magnesium electrolyte through the
reaction of a magnesium salt, magnesium bis(diisopropyl)amide (MBA), and AlCl3 in
THF [93]. For this Mg electrolyte, achieving a low overpotential and high Coulombic
Efficiency during long-term cycling for Mg electrochemical plating/stripping is paramount.
From the initial cycle, the overpotentials for Mg plating/stripping in the three electrolytes
were consistently below −0.2 V and 0.1 V, respectively (Figure 4g). The corresponding
Coulombic Efficiency (Figure 4h) is based on the ratio of the charge amount for magne-
sium plating to that of magnesium stripping. Notably, when the concentration of the
MBA + 2AlCl3/THF electrolyte is 0.25 mol L−1, it exhibits the highest and most stable
Coulombic Efficiency. The Coulombic Efficiency is, however, lower than other notable
electrolytes, as demonstrated in Table 1.

To verify the compatibility of the electrolyte with the sulfur cathode, researchers
assembled a coin cell using a 0.25 mol L−1 BMA + 2AlCl3/THF electrolyte, a S@MC
cathode, and a Mg anode. This cell provided an initial discharge capacity of 152.0 mAh g−1

and a charge capacity of 112.8 mAh g−1, with a Coulombic Efficiency of 74.2%, (Figure 4i).
The existing research indicates that incorporating lithium ions into magnesium electrolytes
typically activates the electrochemistry of magnesium–sulfur battery systems. The first
three galvanostatic discharge–charge curves of the S@MC|Mg coin cell with a 0.25 mol L−1

BMA + 2AlCl3 + 0.5 mol L−1 LiCl/THF electrolyte at 0.04C show an initial discharge
capacity of about 815.6 mAh g−1 (Figure 4j). The capacities for the second and third cycles
are approximately 747.5 mAh g−1 and 602.2 mAh g−1, respectively. The presence of Li+

has notably enhanced the reversibility of the sulfur cathode. Additionally, the inclusion
of LiCl significantly improves the cycling stability (Figure 4k). The Coulombic Efficiency
of S@MC|Mg coin cells with 0.25 mol L−1 BMA + 2AlCl3/THF electrolytes containing
varying concentrations of LiCl are displayed in Figure 4k. The Coulombic Efficiency’s
stability improves with an increasing LiCl concentration, especially at 1.0 mol L−1, where
the charge capacity gradually aligns with, but does not exceed, the discharge capacity.
These results suggest that the cathode’s reversibility is contingent on the presence of
Li+. The enhanced interfacial compatibility and improved electrochemical performance
may result from increased solution conductivity (1144 and 1185 μS cm−1 for 0.5 and
1.0 mol L−1 LiCl, respectively). The S@MC|Mg coin cell with a 0.25 mol L−1 BMA +
2AlCl3 + 1.0 mol L−1 LiCl/THF electrolyte demonstrates better cycling stability than
one with a 0.4 (PhMgCl)2 + AlCl3 + 1.0 mol L−1 LiCl/THF electrolyte (Figure 4l). After
100 cycles, the capacity retention is approximately 57.7% and 34.4% of the initial capacity,
respectively. However, this experiment could be considered controversial, as the Mg-S
battery’s performance gains also correlate with the increasing concentration of lithium ions.
It is important to consider what level of contribution the lithium ions are making to the
performance and to question whether the battery can still be called a Mg-S battery and still
comes with the associated benefits of a Mg-S battery compared to a Li+ battery.

In 2019, Yang et al. introduced a novel electrolyte based on magnesium trifluo-
romethanesulfonate (Mg(CF3SO3)2)–AlCl3–MgCl2–anthracene–LiCl dissolved in THF and
tetraglyme [53]. Mg(SO3CF3)2, which served as the source of the Mg2+ ions, is non-
nucleophilic, easier to handle, and more cost-effective compared to Mg(TFSI)2 (where
TFSI = bis(trifluoromethanesulfonyl)imide). However, challenges in Mg deposition/dissolution
were observed, marked by a high overpotential, attributed to an inherent oxide layer on
the Mg anode. In response, inspired by transmetalation reactions, where magnesium com-
pounds react with Lewis acids, a typical Lewis acid, AlCl3 containing Cl−, was added. This
addition reacted with Mg(CF3SO3)2 to generate effective active species within the solutions.

A Mg-S@microporous carbon cell, incorporating a 0.125 M Mg(CF3SO3)2 + 0.25 M
AlCl3 + 0.25 M MgCl2 + 0.025 M anthracene/THF and tetraglyme (1:1, v/v) electrolyte,
was cycled at 0.05 C (Figure 5a,b). The Coulombic Efficiency of the cell initially reached
almost 100% after a few cycles. However, due to substantial unreacted sulfur and inefficient
Mg ion dissociation within the cathode, the discharge capacity sharply declined to just
50 mAh gsulfur

−1 after 50 cycles.
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Figure 5. Discharge–charge curves and cycling performance of S@MC|Mg coin cell with 0.125 M
Mg(CF3SO3)2 + 0.25 M AlCl3 + 0.25 M MgCl2 + 0.025 M anthracene/THF + TG (1:1 volume ratio) elec-
trolyte (a,b) and 0.25 M Mg(CF3SO3)2 + 0.5 M AlCl3 + 0.25 M MgCl2 + 0.025 M anthracene/THF + TG
(1:1 volume ratio) electrolyte (c,d) between 0.5 and 1.7 V at 0.05 C. Discharge–charge profiles and
cycling performance of S@MC|Mg coin cell with 0.125 M Mg(CF3SO3)2 + 0.25 M AlCl3 + 0.25 M
MgCl2 + 0.025 M anthracene/THF + TG (1:1 volume ratio) electrolyte adding 0.5 M LiCl (e,f) or
LiCF3SO3 (g,h) between 0.5 and 1.7 V at 0.05 C [53]. (i) Cycling stability of the MgPS/Y-based elec-
trolyte and MgPS/Al-based electrolyte cells under a current density of 80 mA g−1 [95]. Copyright ©
2019, American Chemical Society.

The previous research indicates that the issue of polysulfide shuttling in electrolytes
can be mitigated by increasing the electrolyte concentration. In such high-concentration
electrolytes, fewer sulfur molecules, either as elemental sulfur or polysulfides, dissolve
into the electrolyte during cycling. Consequently, this approach helps in curtailing the loss
of active material. Furthermore, the discharge–charge performance of a S@MC|Mg coin
cell containing a concentrated electrolyte (0.25 M Mg(CF3SO3)2 + 0.5 M AlCl3 + 0.25 M
MgCl2 + 0.025 M anthracene/THF + TG (1:1 volume ratio)) was evaluated. This configura-
tion not only led to a significant reduction in the specific capacity of the coin cell but also
resulted in a poorer cycle performance compared to using a dilute electrolyte (Figure 5c).
Notably, the Coulombic Efficiency exceeded 100% during stable cycling (Figure 5d).

The incorporation of Li+ ions into the electrolyte, with the aim of facilitating the disso-
lution of Mg2+ ions and thereby reducing the kinetic barriers while increasing the solubility
of low-order polysulfides, was undertaken to enhance the electrochemical performance.
The researchers introduced LiCl (Figure 5e,f) and LiCF3SO3 (Figure 5g,h), respectively, into
a 0.125 M Mg(CF3SO3)2 + 0.25 M AlCl3 + 0.25 M MgCl2 + 0.025 M anthracene/THF and
tetraglyme (1:1, v/v) solution. The results (Figure 5e,f) demonstrate that the addition of LiCl
prolonged the discharge plateau at 1.05 V, leading to an enhanced discharge capacity and
reversibility, confirming that Li+ ions effectively promote Mg dissolution. Notably, adding
0.5 M LiCF3SO3 as an additive further improved the cell performance. The cell achieved a
discharge capacity of approximately 400 mAh gsulfur

−1 at 0.05 C over 50 cycles, suggesting
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that the addition of CF3SO3Li also mitigates the detrimental effects on Mg plating. How-
ever, this method also faces the same controversy mentioned before: can the battery still
be classified as a Mg-S battery, which maintains a high level of safety and is less prone to
dendrites than one with the addition of Li+? In recent years, the majority of researchers
have encountered this problem and have stopped adding Li+ into Mg-S batteries.

It is significant to note that in 2014, Zhao-Karger et al. reported in their study the
effect of augmenting the electrolyte viscosity by incorporating high-viscosity PP14TFSI
(173 mPa s), which can partially impede the movement of polysulfides toward the an-
ode [55]. This method demonstrates a novel strategy for mitigating the shuttle effect in
Mg-S batteries. By enhancing the electrolyte’s viscosity, the mobility of the polysulfides
is decreased, thus curtailing their transference and subsequently reducing the adverse
impacts on the battery performance.

It is noteworthy that in 2021, Sun et al. described reduced perylene diimide-ethylenediamine
(rPDI) as an efficacious electrolyte additive. They added 0.2 mM rPDI into a Mg(TFSI)2–
MgCl2-based electrolyte, which adsorbed onto the Mg and repelled the TFSI− anions away
from the Mg surface, preventing TFSI− decomposition and Mg passivation [94]. The full
cell showed a highly stable cycle life at 15 C (>1000 cycles), revealing the mitigation of
the shuttle effect. Although the capacity is low at 110 mAh g−1 after 1000 cycles, it is a
significant improvement over other electrolyte systems, as can be seen in Table 1, where it
has the largest number of cycles reported.

In recent years, there have been significant advancements in the field of novel Lewis
acids. In 2018, Xu et al. developed an yttrium (Y)-based electrolyte by replacing AlCl3 with
YCl3 [95]. Their findings revealed several key advantages: firstly, the standard electrode
potential of Y ions (−2.372 V vs. SHE) is higher than that of Al ions (−1.66 V vs. SHE),
and secondly, YCl3 effectively facilitates the removal of water from the electrolyte. In their
synthesis, MgCl2 (1 molar equivalent) and YCl3 (2 molar equivalent) were reacted with
diglyme in an ionic liquid solvent, PYR14TFSI, at a temperature of 120 ◦C.

To investigate the distinct impacts of the YCl3 and AlCl3 additives, Xu et al. compared
the electrochemical performances of two Mg-S cells: one with a MgPS cathode in an
aluminum-based electrolyte and the other with a MgPS cathode in an yttrium-based
electrolyte. The cell featuring the yttrium-type electrolyte demonstrated stable cycling
for 50 cycles with a discharge capacity of approximately 900 mAh g−1 (Figure 5i). In
contrast, the cell containing the aluminum-based electrolyte only managed 20 cycles before
experiencing a sharp decline in capacity. Furthermore, the electrochemical impedance
spectroscopy (EIS) data indicated that the yttrium-based electrolyte exhibited a lower
impedance [95].

The inclusion of chloride ions has been shown to provide a multitude of benefits,
such as stabilization of the Mg2+ ions and amplification of the dissolution of passivating
substances on the Mg anode. This subsequently facilitated improved efficiency in the
plating and stripping of Mg. The impact is particularly pronounced when employing
HMDSMgCl-based electrolytes, where the introduction of AlCl3 results in a significant rise
in current density for Mg deposition, although it does not enhance the voltage stability.
Additionally, the advancement of organic magnesium borate-based (OMBB) electrolytes
and the exploration of innovative techniques for preparing non-nucleophilic electrolyte
solutions have further elevated the performance of Mg-S batteries.

3.1.2. Chloride-Free

Muldoon et al. highlighted the adverse effects associated with the presence of chlorine
in electrolytes, pointing out that the chlorides in the electroactive species [Mg2(μ-Cl)3·6THF]
are a primary cause of corrosion [97]. Additionally, the bulky structure of the cation, char-
acterized by two octahedrally coordinated Mg atoms linked by three chlorides, impedes
Mg ion mobility. This analysis underscores the urgent need to develop and synthesize
new types of chlorine-free salts for use in Mg-S batteries. In 2016, Li et al. pioneered a
method for synthesizing a simple chloride-free [Mg(THF)6]2+ cation salt with AlCl4− as a
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counteranion, utilizing a straightforward heating process in an ionic liquid solvent [77].
The crystal structure of the [Mg(THF)6][AlCl4]2 salt is illustrated in Figure 6a. Li et al.
underscored the benefits of using ionic liquids, including their high boiling point, low
melting point, exceptional chemical and thermal stability, nonflammability, and low vapor
pressure [77,98]. They proposed a stoichiometric reaction of MgCl2 (1 molar equivalent)
with AlCl3 (2 molar equivalents), using the ionic liquid n-methyl-(n-butyl) pyrrolidinium
bis(trifluoromethanesulfonyl)imide (PYR14TFSI) as a reaction medium. It was postulated
that the chloride ions in MgCl2 could be completely displaced by AlCl3 under ele-
vated temperatures.

 

Figure 6. (a) Proposed formation mechanism and X-ray crystal structure of Mg salt. (b) Cycling
behavior of a symmetrical cell with electrolyte [Mg(THF)6][AlCl4]2 in PYR14TFSI/THF (1:1 v/v)
at different current densities of 1 μA cm−2 to 500 μA cm−2; the cycle time was 30 min per cycle
(15 min charging and 15 min discharging). (c) Discharge and charge profile for 20 cycles of dis-
charging and charging, cathode: 50 % S loading, NG/SP/commercial S/PVDF = 4:5:10:1. Rate:
0.01 C discharging, 0.02 C charging. Anode: Mg disk [77]. (d) Ball-and-stick representation of the
Mg[B(hfip)4]2·3DME crystal. (e) Linear sweep voltammograms of various electrodes at a scan rate of
5 mV s−1. Battery performance of the Mg-S-CMK-3 cell: (f) discharge–charge profiles, (g) cycling
behavior [51]. (h) Charge/discharge profiles; (i) cycling performance of the ACCS–Mg cell with 0.4 M
electrolytes [84]. (a–c) © 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. (d–g) Copyright ©
The Royal Society of Chemistry 2017. (h,i) Copyright © 2019, American Chemical Society.

Initially, a magnesium stripping/plating experiment was conducted, with the current
density varying from 1 μA cm−2 to 500 μA cm−2 and the cycling time for each charge
and discharge set at 15 min. At lower current densities, the Coulombic Efficiency of the
cell is nearly 100% (Figure 6b). However, as the current density escalates to 300 μA cm−2,
an increase in polarization occurs, leading to irregular potential fluctuations. For further
analysis, electrochemical impedance spectroscopy (EIS) was employed to examine the
formation and stability of the interface between the electrolyte solution and the magnesium
electrode over the course of the cycling. Initially, the interface between the magnesium
electrode and the electrolyte solution is unstable, but it stabilizes after a certain number of
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cycles, evidenced by the gradual stabilization of the solid electrolyte interface (SEI) layer on
the magnesium electrode. In the cycling performance of the Mg-S cells (Figure 6c), it was
observed that the cell maintains stability for over 20 cycles, although its capacity decreases
sharply in the first five cycles from approximately 700 mAh g−1 to 130 mAh g−1, before
stabilizing at a relatively steady capacity of around 70 mAh g−1.

In 2017, Zhao-Karger et al. developed a fluorinated magnesium alkoxyborate-based
electrolyte for Mg-S batteries [51]. They synthesized conductive salts via the reaction of
Mg[BH4]2 with fluorinated alcohols (RF-OH) in ethereal solvents, such as DME. Upon removing
the solvent from Hexafluoro-2-propanol (hfip), the conductive salt Mg[B(hfip)4]2·3DME was
obtained. Its crystal structure, determined using X-ray crystallography, is Mg[B(hfip)4]2·3DME
(Figure 6d). The crystal unit consists of typical ion pairs, with the octahedral coordination
geometry around the Mg2+ ions being slightly deformed due to the solvation by the three
DME molecules. In the [B(hfip)4]− counteranion, the boron (B) atom is tetrahedrally bonded
to four hexafluoroisopropyloxy groups. The O–B–O angles (107.8◦ and 107.2◦) approximate
the ideal tetrahedral angle. The anodic stability of the MgBOR(hfip)/DME electrolyte
on conventional electrode substrates, including stainless steel (SS), Al, primed Al, and
Cu, was examined using linear sweep voltammetry (LSV). The voltammogram indicates
that the oxidation stability of the electrolyte on Pt is about 3.5 V, possibly limited by the
DME oxidation (Figure 6e). Swagelok-type cells, containing a MgBOR(hfip)/DEG–TEG
electrolyte, S/CMK-3 cathode, and Mg foil anode, were cycled at room temperature at 0.1 C
(167 mA cm−2). The galvanostatic discharge/charge curves from the 1st to the 5th, 10th,
and 20th cycles are displayed in Figure 6f. After the initial cycles, the discharge voltage
stabilized at around 1.5V. From the second cycle onward, the discharge capacity decreased
but remained above approximately 200 mAh g−1 sulfur up to the 100th cycle (Figure 6g).
The overcharging behavior, evident in the first five cycles, led to a reduced efficiency. To
optimize the electrochemical performance, the concentration of Mg[B(hfip)4]2 in the DME
solvent varied from 0.1 to 0.4 M. Cyclic voltammetry revealed that higher concentrations
of Mg[B(hfip)4]2 increased the current densities [84]. Based on these findings, the authors
concluded that fluorinated alkoxyborate-based electrolytes hold promise for Mg-S batteries.

The same research team also explored Swagelok-type cells consisting of a 0.4 M MgB-
hfip/DME electrolyte, an ACCS cathode, and a Mg foil anode. These cells were cycled at a
current rate of 0.1 C (167 mA cm−2) at 25 ◦C [84]. The initial galvanostatic discharge/charge
curves displayed a relatively flat discharge voltage plateau at approximately 1.5 V, followed
by a sloped region until a cutoff voltage of 0.5 V, suggesting a stepwise reaction pathway.
The cells achieved a discharge capacity of about 930 mAh g−1, while the charge capacity
marginally surpassed the discharge capacity (Figure 6h,i). The Coulombic Efficiency for
the first cycle, calculated by dividing the charge capacity by the discharge capacity, was
approximately 110%. This gradual decline in capacity is attributed to the dissolution of the
magnesium polysulfide (MgSx) and the ongoing loss of active material.

In 2017, Zhang et al. introduced a boron-centered anion-based magnesium elec-
trolyte (BCM electrolyte) characterized by its ease of synthesis, high ionic conductivity,
broad potential window (3.5 V vs. Mg), compatibility with electrophilic sulfur, and non-
corrosiveness toward the cell components [50]. They analyzed the chemical and electro-
chemical properties of various anionic forms in non-nucleophilic electrolytes, detailing
the specific challenges encountered in their practical applications, as highlighted in the
colored boxes of Figure 7a. In their approach, the properties of the BCM electrolytes,
including the electrochemical window, salt concentration, and compatibility with the Mg
anode, could be finely tuned by selecting specific anionic groups. Notably, the use of
tris(2H-hexafluoroisopropyl) borate (THFPB)/MgF2 salts in the DME solvent led to the
formation of the [Mg(DME)n][FTHB]2 complex (Figure 7b), which demonstrated a wide
operating window of 3.5 V. With a magnesium anode and a sulfur cathode containing
85 wt.% sulfur and a sulfur loading of 1.5 mg cm−2, the cell delivered a discharge capacity
of 1081 mAh g−1 and a stable voltage plateau at 1.1 V and exhibited no overcharging
in subsequent cycles (Figure 7c). The excellent capacity retention over 30 cycles, with
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an initial discharge capacity of 86.4%, underscores the success of this novel electrolyte
design concept.

 

Figure 7. (a) Decorated periodic table for directing efficient Mg-ion electrolytes. Electrolytes derived
from anions of 1© to 8© suffer from specific problems. Electrolytes from 1©, 3©, 4©, and 5© can react
with Mg metals, forming impervious surface layers. Anions of 7© and 8© display insufficient anodic
stability, resulting in limited potential windows of the determined Mg-ion electrolytes. Electrolytes
containing anions of 6© corrode typical current collectors and show incompatibility with sulfur and
oxide cathodes. The complicated synthetic procedure and incompatibility with sulfur cathodes of 2©-
constructed Mg-ion electrolyte makes it less promising for practical Mg-ion electrolytes. (b) CV curves
of SS electrode in BCM electrolyte containing THFPB and MgF2 at 5 mV s−1. (c) The electrochemical
performances of the Se/C and S/C electrodes in BCM electrolytes: galvanostatic charge/discharge
profile [50]. Copyright © 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.

In 2021, Ren et al. demonstrated for the first time the use of a PP14TFSI ionic liquid
as a co-solvent with THF in a chlorine-free MBA-based electrolyte [60]. This approach
significantly enhanced the ionic conductivity and increased the oxidative stability potential
on stainless steel to 2.2 V vs. Mg/Mg2+. The experimental results indicated that this
electrolyte exhibited a low overpotential below 200 mV and maintained approximately 90%
Coulombic Efficiency in the reversible electrochemical plating/stripping of magnesium.
Following the addition of PP14TFSI, the current density for magnesium plating/stripping
was escalated by a factor of 238. Additionally, the MBA-2AlF3 electrolyte showed good
compatibility with the Mo6S8 cathode. Furthermore, Ren et al. also reported the perfor-
mance of a Se@pPAN|Mg full cell, which delivered an initial capacity of 447.8 mAh g−1 at
0.2 C, with a minimal capacity decay of about 0.66% per cycle over more than 70 cycles.
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The chloride-free electrolytes highlighted in this section, such as the fluorinated
alkoxyborate-based electrolytes and boron-centered anion-based (BCM) electrolytes, demon-
strate wide operating windows, high ionic conductivities, and good compatibility with
Mg anodes and sulfur cathodes. Chloride-free electrolytes mitigate the disadvantages
shown in chloride-containing electrolytes of corrosion and limited Mg ion mobility. The
synthesis of simple cation salts, such as [Mg(THF)6]2+ with non-chloride counterions, and
the development of fluorinated magnesium alkoxyborate-based electrolytes signify great
strides toward the goal of achieving high-performance Mg-S batteries. These advancements
are not merely academic; they offer practical pathways to enhance the electrochemical
performance, stability, and safety of Mg-S batteries.

3.2. Nucleophilic Electrolytes

The reaction between PhMgCl and AlCl3 facilitates the synthesis of Grignard reagent-
based nucleophilic all-phenyl complex (APC) electrolytes. Initially, these APC electrolytes
were not tailored to use in Mg-S batteries due to the high nucleophilicity of organomagne-
sium compounds, which generally renders them incompatible with sulfur-based conversion
cathodes. However, in 2017, Linqi Zeng et al. adapted an APC electrolyte for Mg-S battery
applications [96]. Utilizing copper as the current collector for a sulfur cathode and inte-
grating it with the nucleophilic (PhMgCl)2-AlCl3/THF electrolyte, they achieved an initial
discharge capacity of 659 mAh g−1. Additionally, at a current density of 10 mA g−1, the
reversible capacity of the cell stabilized at 113 mAh g−1 after 20 cycles.

The cyclic voltammetry (CV) curves of the Mg-S coin cell at a scan rate of 0.05 mV s−1

(Figure 8a) feature Cu as the cathode current collector. During the first cathodic scan,
two significant reduction peaks at 1.0 V and 1.35 V were observed, accompanied by shoulder
peaks at 0.9 V. These peaks are indicative of the formation of higher-order magnesium
polysulfides (MgSx, where 4 ≤ X ≤ 8). These high-order polysulfides undergo reduction
into their lower-order counterparts, subsequently leading to the formation of MgS2 and
MgS. In the anodic scan, the re-oxidation of MgS and MgS2 back into polysulfide MgSx
(x > 2) is characterized by a distinct oxidation peak at 1.43 V. They observed an increase
in current above 1.6 V, which suggests further oxidation into higher-order polysulfides
or elemental sulfur. A marked decrease in the peak currents during the second cathodic
scan points to the dissolution of some of the sulfur or polysulfides into the electrolyte,
contributing to a decline in cell capacity. The shift in the peak voltage aligns with these
electrochemical processes.

The discharge–charge cycling performance and corresponding Coulombic Efficiency
of a Mg-S coin cell with a Cu cathode collector operating at a current density of 10 mA g−1

are displayed in Figure 8b. The cell’s capacity exhibited a steady decline until the 20th cycle,
stabilizing at approximately 113 mAh g−1 thereafter. Notably, after a few initial cycles,
there was a gradual increase in the charging capacity compared to the discharge capacity.
The Coulombic Efficiency, exceeding 100% (Figure 8b), is attributed to the polysulfide shut-
tle effect, a recognized parasitic side reaction. Furthermore, elevating the current density
to 20 mA g−1 proved effective in maintaining the discharge capacity above 99 mAh g−1

after 20 cycles, indicating a mitigation of the dissolution and shuttle effects. This improve-
ment suggests a robust interaction between Cu and S, along with the enhanced electronic
conductivity of copper sulfides, positively affecting the sulfur utilization and the cyclic
stability of the sulfur cathode in the nucleophilic electrolyte. Additionally, incorporating
LiCl into the (PhMgCl)2-AlCl3/THF electrolyte further enhanced its cycling stability and
rate performance. The capacity initially decreased from 512 mAh g−1 to 388 mAh g−1 and
then was consistently held at 384 mAh g−1 (Figure 8c).

In 2018, expanding on their previous work, W. Wang et al. from the same research
group introduced an innovative sulfur@microporous carbon (S@MC) electrode [54]. This
electrode, employing copper as the current collector, was designed as a novel cathode for ad-
vanced Mg-S batteries. It effectively utilizes APC-based nucleophilic electrolytes, marking a
significant advancement in the development of high-performance Mg-S battery technology.
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Figure 8. (a) CVs of the Mg-S coin cell with Cu as the cathode current collector at 0.05 mV s−1. (b) The
cycling performance of Mg-S coin cells with Cu as the cathode current collector at 10 mA g−1 and
20 mA g−1. (c) Initial three discharge–charge curves of Mg-S cell with Cu as the cathode current
collector in 0.4 mol L−1 (PhMgCl)2-AlCl3 + 1.0 mol L−1 LiCl/THF electrolyte at 10 mA g−1 [96].
Initial three discharge–charge curves (d) and cycling performance (e) of elemental sulfur and S@MC
at a rate of 0.006 C. (f) The 20th discharge–charge curves of S@MC at different rates; the electrolyte
is 0.4 mol L−1 (PhMgCl)2–AlCl3/THF. (g) Cycling performance of elemental sulfur and S@MC
composite at 0.1 C; inset is the Coulombic Efficiency upon cycling. (h) The rate performance of
elemental sulfur and S@MC composite at different rates. (i) Typical discharge–charge curves of
S@MC at different rates; the electrolyte is 0.4 mol L−1 (PhMgCl)2–AlCl3 + 1.0 mol L−1 LiCl/THF [54].
(a–c) © Linqi et al., 2017. Published by ECS. (d–i) Copyright © 2018, American Chemical Society.

Microporous carbon (MC), serving as the host material, enhances the chemical kinetics
of the electrode and adsorbs sulfur and polysulfides effectively. At 50 ◦C, the formation of
copper sulfide occurs when sulfur is coated onto a Cu collector, creating a robust chemical
interaction between the Cu and sulfur. This interaction plays a crucial role in preventing the
sulfur from being eroded by the electrolyte and reducing the rate of polysulfide dissolution.
Utilizing the unique properties of microporous carbon and Cu current collectors, the initial
discharge capacity of the S@MC electrode is around 979.0 mAh g−1. After undergoing
200 cycles at a 0.1 C rate, the capacity reaches a stable value of 368.8 mAh g−1, indicating
improved sulfur utilization and enhanced cycle stability. This retention rate is on par with
several non-nucleophilic electrolytes [52,79]. Even at a higher rate of 0.2 C, the composite
maintains a capacity of about 200 mAh g−1, achieving a Coulombic Efficiency of up to
200%. The strategy of reinforcing the chemical bonds between smaller S2-4 molecules and
larger S8 molecules within the MC framework has been demonstrated to be an effective
approach to boosting the cyclic stability, rate performance, and sulfur utilization in Mg-S
batteries with nucleophilic electrolytes (Figure 8d–i).
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Research on electrolyte systems suitable for Mg-S batteries is still ongoing; nonetheless,
some achievements have already been accomplished. Figure 9 summarizes all the clearly
identified electroactive species in the electrolytes investigated so far. According to the
structure of these electroactive species, we have divided them into cations: O−, cations:
Cl−, anions: non-metal, anions: metal, size: small, size: medium, and size: large.

Figure 9. All clearly identified electroactive species in the electrolytes investigated so far.

The electrolyte plays a pivotal role in the performance of Mg-S batteries, directly
influencing their efficiency, capacity, cycling stability, and safety. The choice between
non-nucleophilic and nucleophilic electrolytes remains unclear. The addition of chloride
ions then adds a further layer of complexity. Finding the ideal electrolyte that balances
conductivity, reactivity, and stability with the Mg anode and sulfur cathode is still a
challenging goal.

Non-nucleophilic electrolytes have shown promise due to their ability to stabilize Mg2+

ions and facilitate efficient plating/stripping processes. The shuttle effect and the need
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for a higher Coulombic Efficiency remain as the biggest issues. Chloride-free electrolytes
address the corrosion issues associated with chloride ions but require careful synthesis
to maintain high ionic conductivity and compatibility with sulfur cathodes. Nucleophilic
electrolytes offer unique pathways for Mg-S battery configurations, but the reactivity of
organic magnesium compounds with sulfur-based cathodes needs to be addressed. The
use of copper current collectors and microporous carbon in the literature has shown that
there is great promise for the future of these electrolytes.

This review has analyzed a number of notable electrolytes which have been used in
the field of Mg-S battery research. Table 1 provides a comparison of these electrolytes,
highlighting key statistics such as Coulombic Efficiency, capacity, and current rate. It clearly
reveals a major difficulty that magnesium–sulfur batteries are currently facing with low
cycling performances. This is mainly due to the sharp drop in the battery capacity caused
by the shuttle effect.

4. The Mechanism of Sulfur Reduction

In 2012, Muldoon et al. emphasized the necessity of using non-nucleophilic magne-
sium organohaloaluminate electrolytes to achieve an effective pairing between magnesium
and sulfur [48]. In 2014, Zhirong et al. used modified electrolytes in tetraglyme or a binary
solvent of glyme and PP14TFSI. The use of this additive aims to adjust the viscosity of
the electrolyte and may reduce the solubility of magnesium polysulfides [55]. The result
shows the ability of the glyme polyether chains to permit multidentate cation coordination
through the oxygen atoms, allowing for the adoption of flexible coordination numbers
and geometries, which considerably improves the performance, Coulombic Efficiency, and
discharge voltage. Then, they propose a redox mechanism for Mg-S batteries:

Step I: Elemental sulfur is reduced into MgS8 at the solid electrolyte interface (SEI), followed
by the dissolution of MgS8 into a liquid cathode, transitioning into lower-order polysulfides.

Step I S8 + 4e− + Mg2+ → 2MgS4 (1)

Step II: Low-order polysulfides such as MgS4 are reduced into MgS2, corresponding
to the second discharge platform.

Step II MgS4 + 2e− + Mg2+ → 2MgS2 (2)

Step III: MgS2 is reduced into MgS, a process characterized by high kinetic barriers
and polarization.

Step III MgS2 + 2e− → 2MgS (3)

In the work of Robba et al., 2017, they used a non-nucleophilic electrolyte solution pre-
pared from MgCl2 and Mg(TFSI)2 salts dissolved in a binary mixture of ether solvents [67].
The results show the battery exhibited two clear discharge plateaus during the first dis-
charge process, corresponding to the conversion of MgSx (high-voltage plateau) and the
further conversion of polysulfides into MgS (low-voltage plateau). In the same year, Gao
et al. determined the specific discharge plateau in a MgTFSI2–DME electrolyte:

Step I: The transformation of elemental sulfur into long-chain polysulfides (2.4–1.5 V
potential slope)

Step I S8 + 4e− + Mg2+ → MgS8 2.5–1.5 V (4)

Step II: Shortening of the polysulfide chain (1.5 V potential plateau)

Step II MgS8 + 6e− + 3Mg2+ → 4MgS2 1.5 V (5)

Step III: The solid-state transition from short-chain polysulfides to magnesium sulfide
(1.5–0.5 V potential slope)

Step III MgS2 + 2e− → 2MgS 1.5–0.5 V (6)
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In 2019, Yan et al. further investigated the sulfur reduction reaction route according
to the in situ method using an electrolyte of Mg(HMDS)2–AlCl3 [68], also including three
stages (Figure 10b):

 

Figure 10. (a) The S K-edge XAS spectra of the MgS8 and MgSx (x∼3) reference samples. (b) Calcu-
lated structures of magnesium polysulfides and their formation energies [68]. (c) Proposed reduction
pathway for sulfur species in glyme-based electrolytes [99]. (a,b) Copyright © 2019, American
Chemical Society. (c) Copyright © 2021 Joachim et al. Published by American Chemical Society.

Stage I: Rapid reaction stage for the formation of high-order MgSx (MgS8, MgS4).

Stage I S8 + Mg2+ + e− → MgS8 + MgS4 (7)

Stage II: Reduction stage from high-order MgS4 into Mg3S8

Stage II MgS8 + MgS4 + e− → Mg3S8 (8)

Stage III: Sluggish further reduction of Mg3S8 into MgS; this reaction predominantly
occurs in the solid phase, contributing to the rapid capacity decay of the Mg-S battery.

Stage III Mg3S8 + e− → MgS (9)

In situ XAS analysis (Figure 10a) reveals that Mg3S8 and MgS are electrochemically
inert and difficult to convert back into high-order polysulfides. This leads to a rapid decline
in the battery capacity and a shortened cycle life.

Forrest et al. investigated the impact of dissolved sulfur on the passivation of Mg
anodes in Mg-S batteries, revealing that interactions between the dissolved polysulfides
and the Mg anode led to the formation of a passivating MgS layer on the anode surface [25].
This layer readily reforms during reduction but can be removed under oxidative conditions.
The research highlights that the concentration of dissolved S8 influences the rate of MgS
layer formation by altering the equilibrium of polysulfide disproportionation.

In 2022, Joachim et al. characterized the magnesium polysulfide dissolution behav-
ior in a different electrolyte of Mg[B(hfip)4]2 in tetraethylene glycol dimethyl ether (G4,
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tetraglyme) [99]. By applying operando UV/Vis spectroscopy, S8, S6
2−, and S4

2− were
identified as the species present in the electrolyte, while S8

2− and S3
•− were not detected.

A reduction pathway is proposed, with the previously gained insights summarized in
Figure 10c. In solvents with a high dielectric permittivity and donor number (e.g., DMSO,
DMF, or ACN), the low-charge-density polysulfides S8

2−, S6
2−, and S3

•− are dominant,
while in solvents with a low dielectric permittivity and donor number (G1, G2, G4, THF),
the high-charge-density polysulfide S4

2− is well stabilized.
The intermediate magnesium polysulfides are the main reason for a low Coulombic

Efficiency and low cycle performance, which is termed the shuttle effect. The mechanisms
by which the shuttle effect diminishes the electrochemical performance of Mg-S batteries
can be summarized in three main points:

Reduced Coulombic Efficiency: Coulombic Efficiency refers to the effective utilization
of charge during the battery’s charging and discharging processes. Magnesium polysulfides
form and dissolve in the electrolyte, with these dissolved polysulfides shuttling between
the anode and cathode. This shuttling leads to a portion of the charge in the battery being
inefficiently used for energy storage and release, thus reducing the Coulombic Efficiency.

Self-discharge: Self-discharge is a phenomenon where a battery naturally loses its
charge when not in use [99]. This process occurs in three stages: (I) the dissolution and
reduction into S6

2− and S4
2− of S8 in the electrolyte, (II) the stabilization of the sulfur

concentration and increase in polysulfides (S6
2−/S4

2−), (III) equilibrium of the sulfur and
polysulfide (S8/S6

2−/S4
2−) concentrations. This self-discharge behavior leads to the loss

of active materials in the battery, thereby affecting the battery’s capacity and cycle stability.
Anode Passivation: Due to the low solubility of the sulfides, not all the formed

polysulfides can be dissolved, resulting in the formation of insoluble MgSx and MgS at
the interface, which poses a significant barrier to further magnetization [68]. This leads to
premature termination of discharge, especially at high sulfur/carbon ratios, resulting in
lower sulfur utilization.

The extensive research into the sulfur reduction mechanism within Mg-S batteries un-
derscores the pivotal role of the electrolyte composition and solvent dynamics in dictating
the battery performance. There is a need for innovative solutions to address challenges such
as the shuttle effect and anode passivation, highlighted by the work to enhance Coulombic
Efficiency and mitigate self-discharge. This review highlights the key literature in this field,
with the aim of advancing the understanding of Mg-S battery chemistry. It has also set a
clear direction for the future, with a need to develop electrolyte and battery designs that
address these specific challenges, thereby unlocking the potential of Mg-S batteries for
high-efficiency, sustainable energy storage.

5. Concluding Remarks and Outlook

In this comprehensive review of the development of Mg-S battery electrolytes, we take
an in-depth look at the progress, challenges, and future directions in this field. Mg-S batter-
ies have the potential to become a viable alternative to conventional Li-ion systems, offering
advantages in terms of energy density, safety, and sustainability. However, their current
development is hampered by critical issues such as electrolyte compatibility and anode
passivation, as well as being limited by the shuttle effect. Innovations in non-nucleophilic
electrolytes, advanced cathode materials, and anode protection strategies are considered
key to overcoming these obstacles. This review highlights the need for interdisciplinary
research and technological breakthroughs in materials science and electrochemistry to
address the complex challenges of Mg-S batteries.

The recent research on Mg-S batteries indicates that, while they have an impressive
theoretical energy density of up to 2856 Wh kg−1 and rank highly in terms of safety
due to the minimal formation of dendrites during charge/discharge, the electrochemical
performance of the actual Mg-S batteries is far from ideal. This includes practical metrics
such as energy density, cycling stability, and charge/discharge rates, which currently
fall significantly short of those in Li-ion batteries. The primary reason for this under-
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performance, similar to that in Li-S batteries, is the formation and uncontrollability of
polysulfides during the charge/discharge cycles. These polysulfides can freely move across
the separator between the anode and cathode, a phenomenon known as the “shuttle effect”.
This shuttle effect leads to inefficient utilization of some of the battery’s charge in energy
storage and release. Moreover, the insoluble polysulfides can form a passivation layer on
the electrode surfaces, impeding electrode reactions. These cumulative adverse effects make
it challenging for Mg-S batteries to achieve their theoretical electrochemical performance.

To mitigate the shuttle effect, researchers have employed various strategies, including,
but not limited to, 1. Non-Nucleophilic Electrolytes: These do not react with sulfur and
thus help reduce the shuttle effect. For instance, non-nucleophilic electrolytes synthe-
sized from hexamethyldisilazane magnesium chloride (HMDSMgCl) and AlCl3, as well
as organic magnesium borate-based electrolytes containing tetrafluoroborate ammonium
([B(HFP)4]−), are used. 2. Chloride Additives: Adding an appropriate amount of chloride,
such as lithium chloride (LiCl), to non-nucleophilic electrolytes can enhance their stability
and electrochemical performance, thereby reducing the shuttle effect. 3. Electrolyte Addi-
tives: For example, adding certain ionic liquids, such as PP14TFSI, to the electrolyte can
improve its conductivity and oxidation stability, which, in turn, helps reduce the shuttle
effect. 4. High-Concentration Electrolytes: High-concentration electrolytes can decrease
the solubility of the sulfur molecules or polysulfides in the electrolyte, thereby reducing
the loss of active material and the shuttle effect. These methods address the shuttle effect
according to different mechanisms and have indeed improved the overall performance of
Mg-S batteries to a certain extent.

Despite various efforts, breakthrough advancements in the overall performance of
Mg-S batteries remain elusive. A significant factor contributing to this stagnation is the lack
of a clear understanding of the internal reaction pathways in Mg-S batteries, specifically the
sulfur reduction pathways. Although numerous studies have been published investigating
the mechanisms of Mg-S batteries, the complexity of the sulfur reduction reactions and
limitations in the research methodologies make it challenging for researchers to delineate
a complete reaction pathway for each type of electrolyte. There has been some progress,
with certain studies proposing relatively comprehensive reaction pathways. However, the
authors of these studies also acknowledge discrepancies between their proposed pathways
and the characterization results of other research. These inconsistencies might be attributed
to the transient nature of some intermediate products or the difficulty of detecting them
using traditional methods. This highlights the ongoing challenges in fully understanding
and optimizing the electrochemistry of Mg-S batteries.

Non-nucleophilic electrolytes, magnesium borate-based electrolytes (Mg(BPh4)2, and
Mg[B(hfip)4]2) exhibit a higher capacity, Coulombic Efficiency, and cycle performance
compared to the other types of electrolytes, as was shown in Table 1. Benefitting from
their high solvation capacity and electrochemical stability, DME and TEG have become
the most popular solvents for use with these electrolytes. Looking at the future prospects,
there are a number of interesting topics to explore. Additive reduced perylene diimide–
ethylenediamine (rPDI) forms a protecting layer on the Mg anode and leads to a high
number of stable cycle lives, opening up a promising research prospect. In addition, re-
search into the reaction mechanism, especially in-depth investigations into the mechanisms
of the sulfur reduction reaction pathways, is a very important task, and findings in this
area will significantly contribute to the mitigation of the shuttle effect, which is key to the
future of Mg-S battery use.

In summary, rechargeable Mg-S batteries represent a battery system with immense
potential for development, characterized by their high theoretical energy density and
proven high safety performance. It is reasonable to anticipate that, in the foreseeable future,
a significant breakthrough in the practical electrochemical performance of Mg-S batteries
will be achieved.
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Abstract: With the development of social economy, using lithium-ion batteries in energy storage in
industries such as large-scale electrochemical energy storage systems will cause lithium resources to
no longer meet demand. As such, sodium ion batteries have become one of the effective alternatives
to LIBs. Many attempts have been carried out by researchers to achieve this, among which F-doping
is widely used to enhance the electrochemical performance of SIBs. In this paper, we reviewed
several types of transition metal oxide cathode materials, and found their electrochemical properties
were significantly improved by F-doping. Moreover, the modification mechanism of F-doping has
also been summed up. Therefore, the application and commercialization of SIBs in the future is
summarized in the ending of the review.

Keywords: sodium-ion batteries; transition metal oxides; F-doping; mechanism; electrochemical
performance

1. Introduction

Since the industrial revolution [1], the greenhouse effect and extreme weather events
more frequently take place, caused by the increasing CO2 emissions from the fossil fuels [2].
As such, we urgently need to find clean renewable energy sources to avoid climate deterio-
ration [3]. However, renewable energy sources such as wind, solar, wave, and geothermal
energy are intermittent, unstable, uncontrollable, and have other disadvantages [4]. Aiming
to use these energy sources efficiently, large-scale electrochemical energy storage systems
(EESSs) are needed to store this energy and convert it into electricity for continuable use [5].
Therefore, the development of advanced energy storage techniques to store intermittent
renewable energy has gradually become more important [6]. Owing to the high safety, the
high efficiency of conversion, the low cost, and environmental friendliness, rechargeable
batteries are regarded as one of the most competent representatives of energy storage
and conversion technologies. In addition, the peaks and valleys of the daily electricity
consumption usually do not coincide with the peaks and valleys of renewable energy
generation, thus storing electricity via batteries can perfectly solve this problem [7].

Since LIBs were discovered in the 1970s and officially commercialized for powering
electronic products in 1991 [8], they have achieved great success with great advantages in
practical applications, but they are limited by the extremely uneven distribution and the
high price of lithium ore [9]. Their electrolytes contain non-aqueous flammable organic
solvents that pose a serious fire hazard in the event of thermal runaway [10]. In the 1980s,
researchers discovered that Na+ could be reversibly (de)inserted from NaCoO2 layered
oxides. Since then, SIBs have gradually attracted the attention of researchers. Because
sodium and lithium are located in the same main group in the periodic table of elements
and have similar physical and chemical properties, SIBs and LIBs have similar charging and
discharging operating principles [11]. Due to the uniform distribution of sodium resources
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in the world from sea water, SIBs have the advantages of low cost, abundant element
reserves, environmental friendliness, and high safety [12], and have great potential to
replace LIBs as a new generation of energy storage devices. So, SIBs have been considered
as one of the most promising energy storage systems to substitute for LIBs in the field of
large-scale energy storage [13]. However, at the current stage of SIB research, there are
many problems that are still restricting their future commercialization application to fully
meet the requirement for future EESSs. (1) Lower energy density: the current commercial
LIBs energy storage density is much higher than the actual energy storage density of
SIBs [14]; (2) Structural damage: due to the larger atomic radii of Na+ than that of Li+,
Na+ repeatedly embedding in and out of the cathode material will cause greater damage
to the structure of the cathode material, meaning that the conventional cathode for LIBs
cannot be directly applied to SIBs [15]; (3) Complex phase transition: the complex outer
ring electronic structure and the wide range of valence states of transition metals lead to
crystal structure distortion and complex electrochemical behaviors during the charging
and discharging process [16]; (4) Instability in air: SIBs normally show poor air stability,
which may originate from insertion into the interlayer sites of water or carbon dioxide and
the formation of alkaline species such as NaOH or Na2CO3, leading to surface structure
degradation or even failure [17]. Therefore, for the development of the energy industry,
new electrode materials with less shortcomings for SIBs should be developed to meet the
needs of commercial applications. To achieve high performance for SIBs, the best endeavors
have been devoted to exploiting a broad range of new materials, pursuing an outstanding
cycling stability, ultra-stable structure, and improving Na+ transport kinetics.

It is obvious that the cathode material is the key to the electrochemical performance
of SIBs based on the energy storage mechanism [18]. A variety of compounds have been
used as cathode materials for SIBs, such as layered transition metal oxides [19], polyanionic
compounds [20], Prussian blue analogues [21], and organic materials [22]. Among the
leading cathode candidates, layered transition metal oxide cathodes have aroused much
interest due to their higher special capacity, faster Na+ diffusion rate, and easier industrial
synthesis. In recent years, researchers have made great contributions and significant
breakthroughs in the optimization of Na-based layered oxide cathodes and the improved
performance of various materials are summarized in Table 1 and Figure 1, respectively.
Furthermore, ion doping, structural optimization design, and interface optimization as
important modification methods have been summarized in other studies [23]. In particular,
the ion doping for layered cathode materials should be studied in depth and classified by
different kinds of anion/cation doping, different ratios of one ion doping, and different site
doping. These methods can bring different performance enhancement effects. Especially, F
is considered as a promising dopant anion for improving electrochemical properties due to
its extremely high electronegativity [24].

Table 1. Summary of the performances of the recent reported layered oxide cathode materials for
SIBs and LIBs [3,4,6,11,17,25–44].

Materials Synthesis Method
Cycling Performance after

F-Doping
Ref.

(SIBs)

Na2/3Ni1/3Mn2/3O1.95F0.05
Solid-state high temperature

reaction
88%→95%

(2.0–4.0 V 400 cycles at 340 mA g−1) [32]

Na0.67Ni0.15Fe0.2Mn0.65O1.95F0.05 Coprecipitation method 38%→88%
(1.6–4.2 V 50 cycles at 100 mA g−1) [34]

Na0.44MnO1.93F0.07 Oxalate precursor method 36%→86%
(2.0–4.0 V 150 cycles at 200 mA g−1) [28]
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Table 1. Cont.

Materials Synthesis Method
Cycling Performance after

F-Doping
Ref.

Na1.2Mn0.8O1.5F0.5 Solid-state method 76%→90%
(1.5–4.0 V 300 cycles at 1000 mA g−1) [38]

Na0.67Ni0.33Ti0.3Mn0.37O1.9F0.1 Solid-state reaction 62%→82%
(2.2–4.5 V 300 cycles at 170 mA g−1) [33]

Na0.6Ni0.3Mn0.7O1.95F0.05 Solid-state reaction 65%→78%
(1.5–3.8 V 900 cycles at 1000 mA g−1) [43]

Na0.6Ni0.05Mn0.95O1.95F0.05
Co-precipitation route and

solid-state reaction
71%→75%

(2.5–4.0 V 960 cycles at 180 mA g−1) [25]

Na(Ni1/3Fe1/3Mn1/3)0.99Mo0.01O1.99F0.01 Solid-state reaction 83%→92%
(2.0–4.0 V 100 cycles at 130 mA g−1) [29]

NaNi1/3Fe1/3Mn1/3O1.99F0.01 Solid-state reaction 63%→96%
(2.0–4.0 V 70 cycles at 150 mA g−1) [27]

Na0.66Ca0.01Ni0.33Mn0.67O1.98F0.02 Solid-state reaction 72%→94%
(2.0–4.2 V 500 cycles at 200 mA g−1) [35]

Na2/3Ni1/3Mn2/3O2-LiF Sol–gel method 36%→64%
(2.0–4.2 V 100 cycles at 100 mA g−1) [40]

Na0.67Ni0.28Zn0.05Ti0.05Mn0.62O1.95F0.05 Sol–gel method 83%→90%
(2.5–4.2 V 100 cycles at 170 mA g−1) [44]

Na0.67Fe0.1Cu0.1Mn0.8O1.9F0.1 Solid-state reaction 52%→88%
(1.5–4.5 V 200 cycles at 200 mA g−1) [41]

Na0.67Li0.1Fe0.4Mn0.5O2-F Co-precipitation route and
solid-state reaction

19%→67%
(1.5–4.0 V 200 cycles at 200 mA g−1) [30]

Na0.7MnO2.05-0.1TF Solid-state reaction 82%→96%
(2.0–4.2 V 200 cycles at 1000 mA g−1) [45]

(LIBs)

LiNi0.8Co0.1Mn0.1O2-F Solid-state reaction 62%→96%
(2.8–4.2 V 100 cycles at 100 mA g−1) [42]

LiNi0.83Co0.11Mn0.06O2-MoF Co-precipitation method 60%→80%
(2.8–4.3 V 160 cycles at 200 mA g−1) [36]

LiNi0.8Co0.15Al0.05O1.96F0.04 Co-precipitation method 72%→98%
(2.8–4.3 V 100 cycles at 400 mA g−1) [39]

LiNi0.8Co0.1Mn0.1O2-LiPF6 Solid-state reaction 77%→94%
(3.0–4.3 V 100 cycles at 85 mA g−1) [6]

LiNi0.8Co0.1Mn0.1O2 Solid-state reaction 45%→88%
(2.8–4.3 V 200 cycles at 200 mA g−1) [5]

Li1.2(Ni0.13Co0.13Mn0.54)0.96Cr0.04O1.985F0.03
Sol-gel method with citric acid

as chelating agent
79%→95%

(2.0–4.8 V 50 cycles at 50 mA g−1) [26]

Li(Ni0.8Co0.15Al0.05)0.99Zr0.01O1.99F0.01 Solid-state reaction 78%→94%
(2.0–4.8 V 200 cycles at 200 mA g−1) [31]

LiNi0.88Co0.09Al0.03O2-F Solid-state reaction 68%→85%
(2.8–4.3 V 150 cycles at 360 mA g−1) [37]

Li1.15Na0.05Ni0.13Co0.13Mn0.54O1.99F0.01
Carbonate co-precipitation

method
89%→96%

(2.5–5.0 V 100 cycles at 200 mA g−1) [7]

Li1.2Ni0.13Co0.13Mn0.54O2-FATO2 Hydro/solvothermal method 79%→92%
(2.0–4.8 V 500 cycles at 200 mA g−1) [4]

Li1.15Na0.05Ni0.13Co0.13Mn0.54O1.95F0.05 Facile co-precipitation method 73%→85%
(2.0–4.7 V 300 cycles at 200 mA g−1) [11]

112



Molecules 2023, 28, 8065

Figure 1. The performance comparison of the reported oxide cathode materials, including plateau
potential (V vs. Na+/Na and V vs. Li+/Li for the blue and yellow hexagons, respectively) and energy
density (Wh kg−1) [3,4,6,11,17,25–45].

Some previous reviews [46–48] have pointed out that F ion-doping contributes to
the enhancement of electrochemical performance of materials. But their classification is
not detailed, the explanation is not specific, and the content is not perfect enough. In
addition, the role of F ion-doping and the mechanisms of performance improvement are
not specifically indicated. In the case of a certain elemental composition, none of these
reviews has pointed out in detail the effect on the electrochemical performance after doping
with F ions. As opposed to categorizing materials from a structural point of view (P2, P3,
O2), we believe analyzing materials composed of the same elements is more conducive
to understanding the role of F ions. In this paper, we summarize typical F-doped layered
oxide cathode materials for SIBs, and then review the modification mechanism of F-doping
and the corresponding energy storage mechanism (Figure 2), including (1) increasing
Na+ diffusion rate by widening the layer spacing; (2) enhancing lifespan by reducing the
irreversible multiphase transformation and preventing the distortion collapse of crystal
structure; (3) accelerating Na+ transport kinetics by lowering the energy barrier. The
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systematic summary will provide some support for the future development and application
of SIBs. In addition, we make a reasonable outlook on the research of F-doped layered
oxide cathode materials and the future application potential for SIBs.

Figure 2. The classification of F-doped layered metal oxides: NaxMnO2-F, NaxNiaMn1-aO2-F,
Nax(TM’)b(TM”)cMn1-b-cO2-F, and the corresponding modification effects.

2. F-Doped Layered Oxide Cathode Materials

The roadmap of layered metal oxide materials briefly is shown in Figure 3, including
the discovery and development, the energy storage mechanism, and the structure informa-
tion. With the progress of the in-depth study on it below, layered metal oxides as cathode
materials for SIBs have been regarded as one of essential candidates recently.

Figure 3. The roadmap of layered metal oxide cathode materials in SIBs [1,30,49–54]. Copyright
1991, Royal Society of Chemistry. Copyright 1994 Published by Elsevier Ltd. Copyright 2012,
American Chemical Society. Copyright 2017, American Chemical Society. Copyright 2019, Elsevier
Ltd. Copyright 2020, WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim, Germany.
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2.1. NaxMnO2-F

In the 1970s, a systematic study of the structure and physical properties of AxMO2
compounds was conducted (A = Li, Na, K; M = Cr, Mn, Fe, Co) [49]. In the 1980s, the variety
of MO2 layer stackings in AxMO2 phases was devised [55]. Specially, NaMnO2(NMO) had
been reported earlier and are well-known for their high energy densities and safety [56].

Mn-based layered oxides have many advantages such as being inexpensive, having
high special capacity, and long life span, but they always face structural collapse caused
by the phase from P2 to O2 at high voltages [57]. Meanwhile, the production of Mn3+ is
extremely prone to induce Jahn–Teller (J-T) effects [58], further leading to severe distortion
and deformation of the lattice structure, reducing the reproducibility of Na+ (de)insertion,
and affecting the electrochemical properties of the material. F ions can help to solve the
above problems, and F ions can effectively improve the resistance of the cathode material
and electrolyte in the high voltage range, as well as help to improve the structural integrity
of the TM layer and reduce the dissolution of Mn3+; many research results have proven
the role of F ions. Layered sodium-rich Na1.2Mn0.8O2-yFy (y = 0–0.5) has been developed
based on NMO [38], which was obtained in a basic solid-state mixing method. Under the
comparison of the electrochemical performance of samples with different F contents, it
was determined that Na1.2Mn0.8O1.5F0.5 has the best electrochemical performance with a
specific capacity of 174 mAh g−1 at a current density of 10 mA g−1. It can also maintain
a retention of 68% at a current density of 1000 mA g−1 after 300 cycles. However, the
increase of Mn3+ leads to the crystal structure transformation from the O3 phase to the
P2 phase, that makes the poor cycle life. In addition, as shown as in Figure 4a,b, Ti- and
F-co-doped cathode oxide P2-Na0.7MnO2.05 (Ti 2%, F 8%) (NMO-0.1TF) has been prepared
by adjusting different ratios of NH4TiF6/NMO [45], and it shows a very high specific
capacity (227 mAh g−1 at 20 mA g−1 in the voltage range of 2.0–4.2 V and a good lifespan
(96.2% after 200 cycles at 1000 mA g−1) based on a good structural stability. In the rate test,
it has a high specific capacity of 76 mAh g−1 at 3000 mA g−1, and when the current density
returned to 20 mA g−1, it could return to a very high specific capacity of 227 mAh g−1.

 

Figure 4. (a) Galvanostatic charging and discharging curves and (b) rate performance of NMO-
0.1TF cathode at different rates in the voltage range of 1.5–4.5 V [45]. Copyright 2023, Chinese
Chemical Society. (c) High temperature cycling performance (55 ◦C) of Na2/3Ni1/3Mn2/3O2 and
Na2/3Ni1/3Mn2/3O1.95F0.05 cathode at 10 C [32]. Copyright 2020, WILEY-VCH Verlag GmbH &
Co. KGaA, Weinheim, Germany. (d) Cycling stability of NNMTOF as cathode sodium-ion full
battery [33].
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Copyright 2021, Science Press and Dalian Institute of Chemical Physics, Chinese Academy of Sci-
ences. Published by ELSEVIER B.V. and Science Press. (e) Comparison of cycling performance of
Na0.67Ni0.33Mn0.67O2 cathodes doped with/without F at 1C in the voltage range of 2.0–4.3 V [35].
Copyright 2021, Royal Society of Chemistry. (f) Cycling stability of sodium-ion full batteries based
on NNZMTOF and commercial hard carbon at 1C [42]. Copyright 2023, Royal Society of Chemistry.

2.2. NaxNiaMn1-aO2-F

As we all know, F-doping can bring some performance improvement of NMO, but
some drawbacks of NMO limit performance enhancement [59]. Mn3+ easily dissociates
from the skeleton of metal oxide and dissolves into the electrolyte during Na+ (de)insertion,
leading to structural damage [60]. In addition, the high voltage might induce irreversible
phase change between P2 and O2, resulting in poor cycle stability [61]. Low average voltage
affects energy density. Moreover, these problems result in a series of phase transformations
and structural evolutions due to the valence changes of transition metal ions during the
charging/discharging process [62]. To address these issues, transition metal ions are doped
in NMO. The introduction of Ni can effectively improve the average voltage and make
use of Ni2+/3+/4+ redox couples [63] during the electrochemical cycling. Previous reports
have shown that NNMO has excellent electrochemical properties. Na2/3Ni1/3Mn2/3O2 [64]
shows a specific capacity of 145 mAh g−1 at 0.1C and a capacity retention of 89% after
50 cycles. Compared with NMO, the structure of NNMO contains the higher number of
Mn4+ ions; however, a large amount of Mn4+ without electrochemical activity will make the
specific capacity decrease [65]. The introduction of Ni2+ will also make the specific capacity
decrease and cycling stability deteriorate [66], while F ion-doping can perfectly solve the
above contradictory phenomena, which can help to prepare high performance cathode
materials. Thus, we review the current research progress of F-doped NaNixMn1-xO2
(NNMO) layered oxide cathode material in this section.

Na0.6Ni0.05 Mn0.95O2-xFx (x = 0.00, 0.02, 0.05, 0.08) [25] has been synthesized by a sim-
ple co-precipitation method with the molar ratio of Mn:Ni = 95:5. Na0.6Mn0.95Ni0.05O1.95F0.05
displays a reversible specific capacity of 80.76 mAh g−1 at 2C with a capacity retention of
75.0% after 960 cycles and a capacity decay of 0.026% per cycle. This is performed to further
optimize the ratio of Mn:Ni for better electrochemical performance and more remarkable
capacity retention, especially to investigate the specific role of F- in terms of structural sta-
bility. A series of Na2/3Ni1/3Mn2/3O2-xFx (x = 0, 0.03, 0.05, 0.07) [32] have been synthesized
by a simple high temperature solid phase reaction that exhibits excellent cycling stability.
The Na2/3Ni1/3Mn2/3O1.95F0.05 still reaches a specific capacity of 61 mAh g−1 at 10C, as
shown in Figure 4c. Therefore, the F-doped NNMO reached a reasonable ratio of each
element, and the P2-Na2/3Ni1/3Mn2/3O2 has become one of the most promising cathode
candidates for SIBs showing a high electrochemical performance due to its high theoretical
capacity in a wider voltage window. Similar to the research process of NMO, the bi-ion
co-doped NNMO also have been gradually investigated. P2-Na0.67Ni0.33Mn0.67O2-yFy and
P2-Na0.67Ni0.33Mn0.67-xTixO1.9F0.1 cathode materials [33] have been synthesized by a simple
conventional solid-phase reaction. Among them, the P2-Na0.67Ni0.33Mn0.37Ti0.3O1.9F0.1 has
a specific capacity of 128.1 mAh g−1at 2C in the high voltage of 2.0–4.4 V, and maintains
a 77.2% retention ratio after more than 300 cycles, as shown in Figure 4d. In order to
effectively reduce the electron repulsion of O2−-O2− at low capacity and suppress the
phenomenon of rapid decay due to the P2-O2 phase transition when charging above 4.2 V,
the Zn/Ti/F co-doped Na0.67Ni0.33Mn0.67O2 (NNZMTOF) cathode was prepared by the
sol-gel method [44], with excellent capacity retention (86% after 1000 cycles), as shown
in Figure 4f. Moreover, Ca/F co-doped Na0.67-xCaxNi0.33Mn0.67O2-2xF2x (x = 0, 0.01, 0.03
and 0.05) [35] has been prepared by a high temperature solid phase reaction, as shown in
Figure 4e. It is worth noting that the capacity retention after 500 cycles at 1C increased
from 27.1% (the undoped material) to 87.2% (the co-doped material). In order to more
comprehensively show the synergistic effect of the F substitution with other cations, Min, K
et al. [67] conducted a large-scale co-doped experiment and selected more than 12 transition
metal cations and F- to optimize NNMO, determine the optimal doping position, and exam-
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ine the five co-doped ion pairs by calculating the total energy of the structure. Te-, Sb-, Hf-,
Y-, and Ti-F are more favorable to enhance the structural stability of NNMO. As a result, the
cations and F- co-doping materials are more effective at dramatically enhancing the whole
performance than the single doped cations as demonstrated via many data comparisons.

2.3. Nax(TM’)b(TM”)cMn1-b-cO2-F (TM’, TM” = Transition Metal Elements)

Since it was significantly proven that the F-doping had greater improvement for
the performance of SIBs, the iron-doped layered oxide cathodes also gradually became
popular [68]. This is because the weak interaction between layers and the hollow two-
dimensional space provides great convenience for the migration of Na+ [11]. Additionally,
it suppresses the migration of other transition metal ions into the Na layer, hindering the
crystal structure transformation. However, the Fe3+ will migrate, leading to structural
instability when the Na+ (de)inserts [67]. So, how to solve this problem has become
one of the important research directions to enhance the structural stability of iron-doped
cathodes [68].

The O3-type NaNi1/3Fe1/3Mn1/3O2-xFx (x = 0, 0.005, 0.01, 0.02, NNFeMO-F) cathode
materials [27] were prepared by using a simple solid-phase reaction. Its capacity was
110 mAh g−1 at 150 mA g−1 and the capacity retention rate was 85% after 70 cycles, as
shown in Figure 5a. Partial replacement of O by F can significantly improve the cycling
performance of materials. As shown in Figure 5b, NNFeMO-F shows a good modification
effect. The O3-type co-doping Mo and F increase the reversible capacity and cycling sta-
bility [29]. In addition, the P2-type Na0.67Ni0.15Fe0.2Mn0.65O1.95 F0.05 (NNFeMO-F0.05) [34]
was firstly synthesized by the co-precipitation method, and in situ Mg substitution was
performed by electrochemical method, where Mg was directly introduced into the Na site
of the sodium-deficient P2 phase cathode material without occupying the TM layer. The
obtained P2-type NNFeMMO-F0.05 has an excellent electrochemical performance with a
remarkable specific capacity of 229 mAh g−1, as shown in Figure 5c. An appropriate F
content greatly improves the cycling performance of the cathode, and the combined effect
of F and Mg demonstrates excellent electrochemical performance. Even so, the effect of the
F-doping still needs a more in-depth and detailed study in the future.

Figure 5. (a) Cycling performance of the NaNi1/3Fe1/3Mn1/3O2-xFx (x = 0, 0.005, 0.01, 0.02) at
150mAg−1 [27]. Copyright 2017, Science China Press and Springer-Verlag GmbH Germany. (b) Cy-
cling performance at 1 C for 100 cycles of all cathodes in 2.0–4.0 V [29]. Copyright 2022, Elsevier Ltd.
All rights reserved. (c) cycle performance of P2-type Na0.67Ni0.15Fe0.2Mn0.65O1.95 F0.05 (x = 0, 0.05,
0.1) [34]. Copyright 2021, Elsevier B.V. All rights reserved.

3. F-Doping Modification Mechanism

3.1. Increasing the Na+ Diffusion

The F-doped layered oxide cathode can effectively improve Na+ transport kinetics,
and the diffusion rate of Na+ can be accelerated by more than 100 times if the doping ratio
and location are reasonable in Figure 6a [43], as analyzed and calculated by Electrochemical
Impedance Spectroscopy (EIS) curve and Constant Current Titration Technique (GITT),
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showing better electrochemical modification advantages. Boosting electron mobility is
mainly due to the following reasons:(1) Increasing the layer spacing as in Figure 6b. With
the increasing amount of F in the crystal structure, the angle of the diffraction peak (002) first
slightly decreases and then increases [69]. F- will have a slight effect on the local structure
and cell size of the crystal, but it cannot change the overall structure of the crystal due to
the fact that a small number of F- replace the position of the O2−, and the ionic radius of the
F− (1.33 Å) is slightly smaller than that of the O2− (1.40 Å) [34]. Due to the radius change
from Mn4+ to Mn3+, the crystal changes can lead to performance changes. In detail, the
doping of F− makes the metal oxide layer spacing increase significantly, and the larger layer
spacing will facilitate the Na+ (de)insertion conveniently, as shown in Figure 6c [70], which
is conducive to the Na+ diffusion in metal oxide layers. (2) Reducing the energy barrier of
the Na+ migration is a key factor for enhancing electrochemical performance. Therefore,
studying the intensity of the energy barrier of Na+ migration and the effect of the F-doping
are the important ways to analyze the mechanism of material modification [71].Transition
state theory and density functional theory (DFT) in Figure 6d,e show that lower migration
energy means faster diffusion rate. In the study of Ti- and F-co-doped NMO [45], the Na+

migration energy (0.80 eV) in the NMO-0.1TF crystal structure was obtained by DFT, while
in the NMO crystal structure, the migration energy was as high as 1.26 eV.

 

Figure 6. (a) EIS and equivalent circuits of NMO with different F-doping contents [43]. Copyright
2021, American Chemical Society. (b) X-ray diffraction of the NNMO material with different F-
doping contents, and the detailed (002) diffraction peaks [69]. Copyright 2022, Published by Elsevier
Ltd. (c) Schematic illustration of the supercell NMO and its F-doping [70]. (d,e) DFT calculation of
Na0.7MnO2.05 (P63/mmc) and NMO (Pmmn) [45]. Copyright 2023, Chinese Chemical Society.
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3.2. Enhancing the Structural Stability

Due to the strong electronegativity and the single valence state of the F−, the cathode
materials form the ultra-stable structure by the following aspects. (1) Suppressing the
J-T effects. As shown in Figure 7a, the results of X-ray photoelectron spectroscopy (XPS)
measurements show that the Mn3+/Mn4+ ratio increases significantly with the increase
of F- content due to charge balance, and it is further verified that F-doping can reduce
the number of Mn4+, and the increased Mn3+ will occupy the Ni2+ sites and destroy the
Ni2+/Mn4+ redox ion pairs, thus suppressing the J-T effects to improve structural stabil-
ity [43]. (2) Increasing the disorder of transition metal sites and preventing Na+/vacancy
ordering. The disorder induced by F-doping can break the crystal structure distortion due
to J-T effects and facilitate the structural stability [32]. Based on the DFT results, in the
structure of Na0.6Mg0.3Mn0.7O1.95F0.05, the chemical bonding between Mn and F strongly
increases, and less Mn3+ reduces the distorted collapse of the crystal structure and struc-
tural transitions [69]. (3) Preventing the collapse of the P2 phase structure. The strong Na-F
bond can enhance the excessive Na+ extraction and intercalation to improve the structural
stability [25]. (4) Inducing partial reduction of Mn4+ to Mn3+ via charge neutrality. In
Figure 7b,c, it is confirmed by electron energy loss spectroscopy (EELS) that Ni2+/Ni3+ as a
pair of oxidation and reduction are mainly responsible for charge compensation during the
charge/discharge process, while the redox couples of Mn3+/Mn4+ are also involved for
increasing the specific capacity [32].

Figure 7. (a) Mn 2p high-resolution spectra of XPS patterns of the Na0.6Mn0.7Ni0.3O2−xFx sam-
ples [43]. Copyright 2021, American Chemical Society. EELS spectra of Na2/3Ni1/3Mn2/3O2 [32]:
(b) Ni L-edge signals, (c) Mn L-edge signals. Copyright 2020, WILEY-VCH Verlag GmbH & Co.
KGaA, Weinheim, Germany.

3.3. Suppress Phase Transition and Change Surface Morphology

As shown in Figure 8a, in situ X-ray diffraction (XRD) was conducted to monitor the
structural change, and the cathode presented highly reversible transitions. During the
Na+ extraction and intercalation process, the reversible P2-P4 phase transition of cathode
material after doping replaced the irreversible P2-O2 phase transition in a high voltage
window, exhibiting excellent structural reversibility and integrity [33]. Before Na+ extrac-
tion, the overall structure remains intact. After Na+ were removed, the thermodynamic
stability of the O3-type structure usually decreased in virtue of the easy collapse of the
hollow part of the structure caused by the removal of Na+, but Ti-F co-doping has the best
effect on inhibiting phase transition and plays the most important role in structural stability
and integrity [32]. Meanwhile, due to the strong electronegativity of F, the arrangement
and distribution of TM elements (Ni, Fe, Mn) becomes disordered, which is favorable
to suppress the structural distortion. As shown in Figure 8b, for Na0.67Ni0.15Fe0.2Mn0.65
O1.95F0.05 (NFMF-005), the fluctuation range of the lattice volume is smaller than that of
Na0.67Ni0.15Fe0.2Mn0.65O2(NFM), indicating that the F substitution effectively suppresses
the phase transition and structural distortion during the electrochemical cycling, while
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the plateau voltage is hysteretic, which can be explained by the fact that the F substitution
modification delays the phase transition of the P2 structure, and a more stable structure
has better cycling stability [34]. At the same time, doping makes it easier to form lamellar
sheets, loosening the microspheres, and forming a hierarchical structure, which is con-
ducive to accelerate the fast transport kinetics of Na+ [43]. In addition, when we add the
amount of F-, the particle size increases slightly, which is consistent with earlier reports of
lamellar oxides [72,73]. An appropriate amount of F-doping can improve the taper density
of the layered oxide, while the difference in particle size affects the contact area between
the electrode and the electrolyte, which is very important for a high reversible capacity
and remarkable capacity retention. However, there are also studies that promote phase
transition, as shown in Figure 8c. With F-doping, the number of Mn3+ increases close to
that of Mn4+ in the study of P2-Na1.2Mn0.8O1.5F0.5 cathode material, which promotes the
transformation of structure from O3 to P2 and thus facilitates Na+ migration kinetics [38].
Not coincidentally, as shown in Figure 8d, in the study of the modified enhancement of
Na0.44MnO1.93F0.07 [28], the tunnel structure of the low sodium content is modified into
a laminar tunnel composite structure after the F− are doped into it, which has both the
stability of the tunnel structure and the high reversible capacity of the laminar structure.
Therefore, the layered tunnel intergrowth structure exhibits exceptional rate performance
as well as outstanding cycling stability. In addition, the reaction temperature plays an
important role in the formation of the material structure in this research article.

Figure 8. (a) In situ XRD patterns of Na0.67Ni0.33Mn0.67O2(NNMO) and Na0.67Ni0.33Mn0.37

Ti0.3O1.9F0.1(NNMTi0.3OF) during the first charge/discharge process [33]. Copyright 2021, Science Press
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and Dalian Institute of Chemical Physics, Chinese Academy of Sciences. Published by ELSEVIER
B.V. and Science Press. (b) Structure parameters of lattice parameter and unit cell volume of
Na0.67Ni0.15Fe0.2Mn0.65O2 (NFM) and Na0.67Ni0.15Fe0.2Mn0.65O1.95F0.05 (NFMF-005) under different
charge/discharge states [34]. Copyright 2021, Elsevier B.V. All rights reserved. (c) Schematic of the
cathode structure evolution based on F-doping [38]. Copyright 2023, American Chemical Society.
(d) EDS elemental mapping images of NMOF0.07-900 and FE-SEM images of prepared materials for
NMOF0.07-800, NMOF0.07-900, NMOF0.07-1000, NMOF0.07-1100, NMO-900 and Na0.7MnO2-900 [28].
Copyright 2019, Elsevier B.V. All rights reserved.

4. Summary and Prospects

In summary, recent progress of Mn-based transition metal layered oxide cathodes for
SIBs from different aspects has been comprehensively reviewed in this paper, especially
focusing on the F-doping modification. Meanwhile, this paper summarizes the significant
role of F-doping in improving the diffusion rate of Na+.

Nevertheless, in the process of commercializing SIBs, there are still some difficulties
that have not been effectively solved. First of all, upon Na+ extraction, the electrostatic at-
traction between the Na layers and the oxide layers disappears during the charge/discharge
process, and the repulsion between the TM and the TM layers will gradually enhance.
Meanwhile, the deintercalation and intercalation of the large radios of Na+ will leave
structural voids. These phenomena seriously undermine structural stability. Secondly, for
balancing the positive charge loss and maintaining charge neutrality due to Na+ extrac-
tion, the transition metal will undergo a redox reaction, and the structure of the cathode
material will be twisted and deformed with the different transition metal valence states.
Additionally, to achieve the lowest energy steady-state, the internal structure would in-
evitably change, resulting in the formation of Na+/vacancy ordering, the transition metal
ions migration/dissolution, the series of phase transformations and structural evolution,
and so forth. Thirdly, recent studies have also confirmed the migration of some transi-
tion metals to the sodium layer during the charging and discharging process, which will
bring about many drawbacks, such as poor thermal stability, boundary side reactions, and
rapid capacity degradation. Therefore, inhibiting the migration is important to reduce
electrode dissolution and particle cracking.Last but not the least, at high voltages (4.2
V and above), it is often accompanied by structural irreversible phase transition, which
will bring about the collapse of the overall structure and release of O2 gas [74]. Although
significant achievements have been made in advancing SIBs in recent years, it still has a
long way to go to overcome the subsistent obstacles in order to overcome the inherent
problems of the material itself and put full-battery SIBs into practical application. We give
an outlook on future technologies to improve electrochemical performance and safety in
the following areas.

1. Dopant selection and reasonable composition design. At present, the study of F-
doping mainly stays in the analysis of experimental results, and it does not clearly address
the quantitative optimization of F-doping and does not address the optimal solution
of the doping amount from a molecular structural perspective. Meanwhile, there are
some directional studies about the selection of dopant and element, but the mechanism
explanation from the atomic and molecular perspective needs to be further studied, and the
mechanism of interaction between different elemental ions from the quantum perspective
needs to be advanced more deeply.

2. Accurate characterization of doping sites. Guided by density functional theory
calculations, the F substitution may change crystal structure and the formation energy as
well as thermodynamic energy, but how to reasonably design the sites of different elements,
especially F−, is facing great challenge. For future research on layered oxide cathodes [51],
it is crucial to explore controlled and precise doping sites and provide intuitive and in-depth
proof of the mechanism.

3. Multi-phase combination synergy of P2, O3, O2, O4, and other different classical
types. Although the P2-type structure is conducive to the embedding and detachment
of Na+, the P2-type layered oxide cathode usually suffers from short cycling lifespan.
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Meanwhile, the O3 structure is conducive to the storage of large amounts of Na+, but this
structure is less reversible due to O3-P3 phase transitions that alter the diffusion mechanism
of Na+ ions [75]. Our recent studies have revealed that different doping amounts of F
ions affects the structure of the materials. The formation of the Na-F bond can change the
bonding between O2− and Na+, and the F ions embedded in the TM layer are conducive to
enhance the electrostatic attraction between the Na layer and the TM layer, thus changing
the structural morphology of the material, especially for the layered and tunneled structure,
and P2, O3, O2, O4 structure. Following this line of thinking, the composite structures
could successfully achieve the integration of synergistic advantages stemming from the
diverse structures and great improvement in electrochemical performance. Hence, it is
important to reasonably prepare the complex systems composed of different structures [76].
The biphase synergy of P2-O3, P2-P3, P2-tunnel, and other intergrowth systems will be
able to make full use of the advantages of various phases to develop high-performance
materials, transforming the harmful irreversible phase transition into a beneficial reversible
phase transition. Some new methods could integrate the merits of multiple phases to
realize performance breakthroughs.

Turning to large scale applications, there have been two schools favoring either layered
or polyanionic compounds such as NaFePO4 [77]. Polyanionic cathode materials have
been industrialized on a small scale, but polyanionic compounds inherently suffer from
low stacking density [78], and it is not a perfect choice. Nowadays, the energy density
of layered oxide cathode materials is similar to that of LiFePO4, and the trend seems to
be in favor of layered oxides due to the improvement in the composition of the material,
which has led to a reduction in cost. Although there are still many problems and challenges
in the industrialization, low cost and safety will be the biggest advantages of SIBs [79].
Hence, we believe that the large-scale production and commercial application of high-
performance cathode materials will become possible through the F-doped strategy or
multiple ions co-doped strategy. In addition, close communication between academic and
industrial organizations combined with best endeavors is needed to launch full-cell SIBs
into practical application. As shown in Figure 9, SIBs, as low-cost batteries, are able to
integrate discontinuous energy flows from renewable sources [80]. Grid storage, wind
power, and solar photovoltaic power act as the main renewable energy sources for the
distributed energy system ( 1©, 2©, and 3©), while the main scenarios and forms of energy
use in society, such as commercial electricity, residential electricity, and industrial electricity
( 4©, 5©, and 6©) will promote the development of the low-cost SIBs in the field of grid energy
storage systems, renewable energy conversion, and utilization. The utilization of layered
oxide cathode materials serving as rechargeable SIBs at the industrial and commercial level
is anticipated to commence in the foreseeable future.
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Figure 9. Possible scenarios for SIB in the context of new energy applications.
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Abstract: As a clean and renewable energy source for sustainable development, hydrogen energy has
gained a lot of attention from the general public and researchers. Hydrogen production by electrolysis
of water is the most important approach to producing hydrogen, and it is also the main way to realize
carbon neutrality. In this paper, the main technologies of hydrogen production by electrolysis of
water are discussed in detail; their characteristics, advantages, and disadvantages are analyzed; and
the selection criteria and design criteria of catalysts are presented. The catalysts used in various
hydrogen production technologies and their characteristics are emphatically expounded, aiming
at optimizing the existing catalyst system and developing new high-performance, high-stability,
and low-cost catalysts. Finally, the problems and solutions in the practical design of catalysts are
discussed and explored.

Keywords: water electrolysis technique; hydrogen production; alkaline electrolysis; catalyst

1. Introduction

Hydrogen, as a clean energy carrier, plays an irreplaceable role in the future develop-
ment of the energy industry. Compared with traditional fossil fuels, such as coal, natural
gas, and oil, hydrogen has natural advantages of high calorific value, high energy density,
and zero pollution, and is an ideal “clean energy” under the goal of carbon neutrality in
China [1–3]. Furthermore, hydrogen has a wide range of sources, and water can be used
as an important source of hydrogen due to the abundant hydrogen element in water. The
calorific value of hydrogen is about three times as high as that of diesel. With the continu-
ous development of hydrogen energy technology and the gradual maturity of hydrogen
storage technology, the application of hydrogen energy becomes more and more extensive.
Hydrogen energy has been widely used in electric power, heat energy, fuel cells, chemical
synthesis, petroleum refining, metallurgical industry, and other fields. Among them, hy-
drogen energy has a high specific energy in thermal power generation, and the combustion
products are pollution-free. Injecting hydrogen into the existing natural gas pipeline for
subsequent co-combustion is an efficient hydrogen utilization method, which can make full
use of the existing natural gas pipeline network infrastructure and greatly reduce storage
and transportation costs. After adding hydrogen, the gas flow in the pipeline is increased,
and the hydrocarbon mass ratio of natural gas, the precipitation of carbon particles, and
the brightness of flame are decreased. During the combustion process of a hydrogen-doped
natural gas boiler, the introduction of hydrogen can inhibit the generation of nitrogen
oxides and soot and reduce the emission of CO2. Potential applications of hydrogen fuel
cells are as follows: (1) They can be used in the automobile field. The product of hydrogen
fuel cells is only water. Using hydrogen fuel cells instead of fossil fuel as driving energy
for vehicles can effectively reduce environmental pollution. (2) Hydrogen fuel cells can be
applied to the field of ships. They play an important role in the composition of new energy
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structures. Compared with diesel-driven ships, ships with hydrogen fuel cells have longer
endurance and meet the auxiliary energy demand of large ships. (3) Hydrogen fuel cells
can be used in small unmanned aerial vehicle power systems (UVAs). Compared with the
existing UAV battery technology, the endurance of UAVs driven by fuel cells has improved
by 4~5 times. In the metallurgical industry, traditional coke steelmaking will produce
a large amount of CO2. Using hydrogen instead of coke as a reducing agent, the diffusion
capacity of hydrogen is higher than that of CO gas obtained by coke oxidation, and the
by-product of steelmaking is water, which will significantly reduce carbon emissions and
promote the change in the metallurgical industry toward low-carbon and clean production.
Additionally, as clean energy with zero carbon emission, hydrogen energy can help people
decarbonize, fix carbon emissions, and even achieve negative carbon. Hydrogen energy
used as the terminal energy can reduce or even eliminate CO2 emissions in the industrial
field through the complementary system of hydrogen and electricity.

To satisfy the increasing demand for hydrogen, researchers are constantly exploring
existing hydrogen production technologies and developing new hydrogen production
technologies. Hydrogen is classified into three categories according to the principle of
production mode and different raw materials: chemical reforming hydrogen production,
biological hydrogen production, and water electrolysis hydrogen production. Hydrogen
production by chemical reforming [4,5] mainly involves high-temperature reforming or
partial oxidation reforming of organic matter and fossil fuels, such as coal, natural gas, or
petroleum by chemical methods. For example, methane, the main component in natural
gas, is decomposed into H2, CO2, and CO. This kind of hydrogen production technology is
quite mature. This route accounts for more than 85% of the current industrial methods, and
its hydrogen production rate is 70–90%. The hydrogen prepared by this method belongs
to grey hydrogen and blue hydrogen, and blue hydrogen reduces the carbon emission in
grey hydrogen through carbon capture technology (CCS). However, the carbon recovery
cost in the manufacturing process of blue hydrogen is very expensive, which may increase
the fuel consumption by 10% compared with grey hydrogen. The biological hydrogen
production method [6,7] uses organic wastes as raw materials to produce hydrogen through
photosynthesis or bacterial fermentation. The key point is to cultivate high-efficiency and
high-selectivity biological strains, but there are still many problems to be investigated
in hydrogen production mechanism, such as strain cultivation, and bacterial metabolic
pathway. Water electrolysis hydrogen production [8–10] is a completely clean way of
hydrogen production, which can be used for peak shaving and energy storage of power
stations—that is, the surplus electric energy of power stations is used for hydrogen pro-
duction by electrolysis of water during the low power consumption period. This kind of
technology has been relatively mature internationally, and some domestic hydropower
stations and photovoltaic power stations have also applied this technology. The hydrogen
obtained by this method possesses high purity and belongs to a class of green hydrogen.
Green hydrogen is prepared by electrolytic water with renewable electricity, which not
only effectively reduces the carbon emissions in the preparation process but also uses
renewable raw materials, which is in line with sustainable development. However, the
energy consumption of this method is high, and the on-site hydrogen production at the
power station is still limited; the cost is also relatively high, with hydrogen production
accounting for about 10%.

According to the prediction of the China Hydrogen Energy Alliance Research Institute,
the proportion of hydrogen production from electrolytic water from renewable energy
in China will reach 15%, 45%, and 70% in 2030, 2040, and 2050, respectively. With the
discovery of renewable energy sources, such as photovoltaic and wind power, and the
development of renewable technology, the production cost of electric energy conversion is
decreasing, which provides a favorable opportunity for the development and application
of hydrogen production by electrolysis of water. With the increasing energy demand, the
technology of hydrogen production by electrolysis of water has undergone significant de-
velopments. Electrolytic water reaction is mainly composed of two half-reactions: cathodic
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hydrogen evolution reaction (HER) and anodic oxygen evolution reaction (OER). Due to
the slow reaction kinetics, its energy conversion efficiency is low. Generally, noble metal
catalysts (such as Pt, Ru, Ir, etc.) are needed to improve the HER/OER reaction kinetics
of electrolyzed water to improve the energy conversion efficiency of the system [11–14].
However, due to the scarcity of resources and high use cost, the application of precious
metal-based catalysts in large-scale hydrogen production by electrolysis of water is still
limited. Based on this, the current research is focused on developing transition metal-based
HER/OER electrocatalysts with high activity, high stability, and low cost. Among many
transition metal-based materials, transition metal catalysts based on Ni, Co, and Mo are
widely regarded by researchers because of their changeable composition and structure,
abundant resources, low cost, and high catalytic activity and stability [15–20].

At present, the mainstream hydrogen production technologies include alkaline wa-
ter electrolysis AWE [21,22], proton exchange membrane water electrolysis PEM [23,24],
and solid oxide water electrolysis SOE [25,26], and their corresponding advantages and
disadvantages are shown in Table 1. With the continuous development of electrolytic
water technology, the efficiency of electrolytic hydrogen production is gradually improving
and the energy consumption is decreasing. The decreased energy consumption mainly
depends on optimization to improve the electrocatalytic activity of the catalyst. When
selecting the catalyst, the following points should be considered: (1) Catalysts should
possess high catalytic activity, long service life, and the ability to inhibit catalyst poisoning
and complete the electrolytic water reaction. (2) Catalysts should possess high electrical
conductivity, which promotes the charge transfer at the interface between the electrode
and the electrolyte, thus improving the electrolysis efficiency. (3) Catalysts should possess
a large catalytic activity area to promote more reactions. (4) The constituent elements of
catalysts are earth-abundant with low cost of large-scale application. (5) Catalysts should
possess good electrochemical stability, preventing them from falling off in an acid-based
solution or from being poisoned or losing their activity directly because of other impurities
and intermediate products of the reaction. Generally, precious metals and their alloy oxides
have the best electrocatalytic activity and chemical stability due to their rich empty d
orbitals, but their output is scarce and expensive, and the cost of large-scale application is
high. Therefore, reducing the loading of precious metals and developing catalysts with low
cost, high electrocatalytic activity (with empty d orbitals or not filled with d electrons) and
high stability are the keys to improving the hydrogen production efficiency.

The design and development of high-performance catalysts can be regulated by the
following two approaches: First, designing new nanomaterials /electrode structures, devel-
oping catalytic materials/electrodes with various morphologies/structures, improving the
specific surface area and conductivity of catalytic electrodes, constructing open-pore struc-
tures, improving the exposure of active sites, and promoting the transport of substances
will improve the electrocatalytic activity of HER/OER. This includes the preparation of
heterostructure catalysts, rearranging electrons on heterostructure interfaces to modify the
properties of active sites, and using the synergy of different active sites to promote the
reaction kinetics [27]. Second, the intrinsic activity of electrocatalysts is regulated, and the
electronic structure is optimized efficiently by strategies such as heteroatom doping, defect
engineering, valence state regulation, and interface engineering, and the adsorption energy
of intermediate species in the reaction is improved by regulating the electronic structure
of active sites, thus improving the intrinsic activity of the catalysts. At present, there are
various limitations to a single optimization method. Combining the advantages of strate-
gies such as the optimization of nanomorphology and microstructure of materials with the
regulation of intrinsic defects and compositing with metal or nonmetal carbon materials
can effectively improve the catalytic activity of materials and reduce the application cost
of materials.
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Table 1. Type of water-electrolysis hydrogen and its characteristic.

Technologies Diaphragm
Catalyst

Electrolyte T/◦C Efficiency/% Advantage Disadvantage
Anode Cathode

AWE

Porous
materials

Ni, Co, Fe,
LaCoO3,
LaNiO3,
NiCo2O4

Ni alloy,
NiMoO4

Alkaline water 20~90 59~70

Low cost, long
service life,

mature
technology

Electrode corrosion,
poor dynamic
performance

AEM Ni-based
materials

Ni, NiFe,
NiFe2O4,
PtRu/C

Pure or
alkaline water 20~200 60~78

Has the
advantages of

alkaline
electrolysis and
PEM electrolysis

Low OH−
conductivity and

poor
high-temperature

stability

PEM

Perfluorosulfonic
acid

membrane

RuO2, IrO2,
Ir1−xRuxO2

Pt/C, MoS2

Polymer,
acidic

electrolyte
20~200 65~82

Compact design,
high

responsiveness

High-cost,
precious-metal

catalyst

PCC Perovskite
ceramic Ni ceramic Ceramic 500~1000 Up to 100% Low cost, low

energy demand,
and high

electrochemical
reaction rate

High cost, poor
mechanical stability
of ceramics, difficult
sealing; easy to cause

hydrogen leakage
SOE ceramic LaxSr1−xMnO3,

LSM-YSZ

Ni-YSZ,
Ni-based
ceramic,

perovskite

Vapor, ceramic
(oxygen ion
conductor)

500~1000 ◦C Up to 100%

2. Brief Introduction of Hydrogen Production Technologies

2.1. Alkaline Water Electrolysis Hydrogen Production

Alkaline water electrolysis hydrogen production technology is the earliest industrial-
ized production and the most mature and economical one at present. Its working efficiency
is relatively high, generally 42% to 78%. After years of research and development, alkaline
water electrolysis technology has made progress in two aspects: first, the efficiency of
the electrode has improved, and the operating cost related to electricity consumption has
been significantly reduced; second, the operating current density has increased and the
investment cost has decreased [28]. The working principle of alkaline water electrolysis is
shown in Figure 1 [29]. The electrolytic cell consists of two electrodes, which are separated
by an airtight diaphragm. The electrolyzer has a simple structure, low requirements for
raw material quality, long service life, generally reaching 10~20 years, and low cost [30].
The electrolytes used in alkaline electrolytic water technology are mainly alkaline elec-
trolytes, such as KOH and NaOH, with a concentration of 20% to 30%. Among them, the
KOH solution has high ionic conductivity and a wide application range. The diaphragm
is mainly made of porous materials, such as asbestos, ceramics, and nylon. When the
electrolysis temperature is 20~90 ◦C, water is reduced to produce hydrogen in the cathode,
and OH- passes through the diaphragm to reach the anode oxidation to produce oxygen.
Although alkaline water electrolysis technology has the characteristics of low cost, long
service life, mature technology, and stable operation, there are still many shortcomings in its
engineering application, such as low current density, poor dynamic response, diaphragm
gas leakage, alkali corrosion, and so on. To solve the above problems, researchers have
developed an anion exchange membrane technology AEM, which is expected to become
an improved scheme of traditional alkaline electrolysis technology and play a technical
and cost advantage in large-scale hydrogen production [31].

To some extent, the AEM technology for producing hydrogen by electrolyzing water
with an anion exchange membrane is a technique that combines traditional diaphragm
alkaline electrolysis and proton exchange membrane electrolysis, which has the advantages
of both alkaline electrolysis and PEM electrolysis [32]. AEM technology diaphragm adopts
an anion exchange membrane with pure water or weak alkaline solution as an electrolyte,
which can realize the circulation of OH- from cathode to anode. The main challenges faced
by AEM technology are the lack of AEM with high conductivity and alkaline corrosion
resistance and increased cost due to the use of precious metal catalysts. At the same time,
CO2 entering the contact film will reduce the membrane resistance and electrode resistance,
thus reducing the electrolytic performance. Therefore, the main development directions of
AEM electrolyzer in the future are as follows: first, develop an AEM diaphragm with high
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conductivity, ion selectivity, and long-term alkaline stability; second, reduce the use of noble
metal catalysts or develop high-performance catalysts without noble metals; and third,
reduce the CO2 content in the electrolytic cell to improve its electrolytic performance [33].

Figure 1. Schematic principle diagram of the five main types of electrolytic water hydrogen produc-
tion (a) AWE, (b) AEM (c) PEM, (d) PCC, (e) SOE [34].

When choosing a catalyst, it is necessary to consider whether it has good electrochemi-
cal inertia, electrical conductivity, large specific surface area, catalytic activity, mechanical
stability, good thermal conductivity, and strong chemical stability. Precious-based catalysts
possess basically all the characteristics needed for high-performance catalysts, but their
costs for application and preparation are high, and their scarce reserves and expensive
prices greatly limit their wide-range use. In the industrial production of hydrogen from
alkaline water electrolysis, the precious metal PtRu catalyst is used in AEM hydrogen
production technology, and the widely used catalysts are mainly transition metal catalysts.
Transition metals (TMs) have good catalytic activity, low price, and abundant crustal re-
serves, and are an ideal material to replace precious-based catalysts. TMs catalysts mainly
include the following species, such as TMs and their alloys [34–36], TM oxides [37,38],
TM sulfides [39,40], and TM phosphides [41,42], all of which have excellent hydrogen
evolution reaction (HER) and oxygen evolution reaction (OER) activity and stability. After
continuous optimization, the performance of some of them can now be comparable to that
of precious-based catalysts, which have a very broad application prospect, as shown in
Figure 2. The corresponding performance of the typical transition metals-based catalysts is
summarized in Table 2.

Table 2. Electrochemical properties of typical transition metal-based electrocatalysts.

Transition Metal-Based
Electrocatalysts

Catalyst
Overpotential/mV

(10 mA cm−2)
Tafel Slope/mV dec−1 Rct/Ω

alloys

Fe3Co7@PCNs for HER [35] 220 65.5 47
Fe3Co7@PCNs for HER [35] 260 53.16 16

B-Ti2Cu3 for HER [36] 155 103.89 14.2
Mo-Ti2Cu3 for HER [36] 133 97.37 _

oxides
CoP@Co3O4@CC for HER [37] 73 85 70
δ-MnO2/SGS for HER [38] 80 42 140

sulfides
V-Ni3S2/NiOOH for HER [39] 154 94 5.1
N-NiMoO4/NiS2 for HER [40] 99 74.2 _
N-NiMoO4/NiS2 for OER [40] 283 44.3 _

phosphides NiFeP for OER [41] 313 44 4.3
V-CoP/Ni2P/NF for HER [42] 20 54.2 2.6
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Ω

Figure 2. The HER polarization curves and Tafel plots of typical transition metal oxides (a–b1) [37,38],
sulfides (c–d1) [39,40], phosphide [41] (f,f1), and OER polarization curves and Tafel plots of transition
metal sulfides (e,e1) [40].

2.1.1. Transition Metal and Alloy Catalysts

Low-cost transition metals, such as Zr, Nb, Fe, Co, and Ni, possess high electrocatalytic
performance in alkaline electrolytes, among which Ni is the most widely investigated and
applied because of its good stability in alkaline electrolytes. At the same time, Ni is
abundant in the earth’s crust, easy to mine, and relatively low in preparation and use cost.
Compared with other metal elements, Ni has a lower oxygen evolution overpotential and
a higher oxygen evolution efficiency, so metallic Ni is widely used as an anode material for
hydrogen production by electrolysis of water in alkaline electrolytes. The electrocatalytic
performance of anode Ni can be optimized by increasing its specific surface area, such as
porous Raney Ni anode. On the other hand, the metals on the left side of the transition
system in the Periodic Table, such as Fe, Co, and Ni with incomplete or semi-full d orbitals,
will have a synergistic catalytic effect on the hydrogen evolution reaction when they form
alloy materials with the metals on the right side of the transition system, such as transition
metals Zr, W, and Mo with paired d electrons, which will greatly reduce the hydrogen
evolution overpotential of the materials. Alloy cathode electrode materials formed by
transition metals can be generally divided into three categories [43]: (1) porous Raney Ni
alloy materials; (2) Ni-based alloy materials, such as Ni-Mo alloy, Ni-Mo-Fe alloy, and
Ni-S alloy; (3) other transition element alloys, such as Fe-R alloy and Fe-Zn-R alloy [44,45].
The typical binary alloys with high catalytic activity are anode alloy electrode materials,
such as Ni-Co alloy and Ni-Fe alloy, in which Ni-Co alloy will form a dense inverse spinel
NiCo2O4 oxide film on the electrode surface before oxygen evolution by electrolysis of
water, which will greatly reduce the anodic oxygen evolution overpotential due to its high
electrocatalytic activity. Additionally, Mn, Fe, and Cu are abundant in the crust and have no
pollution effect on the environment. They are also ideal electrode materials. Ternary alloys
formed by them and Ni-Co alloys, such as Ni-Co-Fe, Ni-Co-Mn, and Ni-Co-Cu alloys, have
improved their electrocatalytic activity to varying degrees. Generally, transition metal and
alloy electrodes are prepared by electroplating.
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2.1.2. Transition Metal Oxide Catalyst

The most common perovskite oxides are oxides with ABO3 structure formed by lan-
thanide metal La and transition metals Ni and Co, such as LaNiO3 and LaCoO3, as shown
in Figure 3 [46], which have very high catalytic activity for oxygen evolution. At present,
LaNiO3 with a pseudo-cubic perovskite structure is the most widely used oxide. LaNiO3
is the only metallic compound in perovskite-type oxides, and it is a nonstoichiometric
compound. Ni ions exist in bivalent and trivalent forms; there are high-density oxygen
holes in the oxides, and there is no forbidden band. The conduction band is formed by the
interaction between the d electrons of Ni3+ and the p electrons of O2−, showing the metal
conductivity characteristics [47,48] Therefore, LaNiO3 has high metal conductivity and
catalytic activity for oxygen evolution. By introducing a small amount of Sr and Mn doping,
the catalytic activity of LaNiO3 can be greatly improved. Additionally, as shown in Figure 3,
LaNiO3 and LaCoO3 composited with FeOOH possess the highest performance with a low
overpotential of 264 mV and 334 mV, respectively; a low Tafel slope of 66 mV dec−1, which
originates from the high electrical conductivity of LaNiO3 and LaCoO3; and more active
sites due to the existence of FeOOH.

Figure 3. LaNiO3, FeOOH, LaNiO3@FeOOH−1:1, and RuO2 samples: (a) LSV curves; (b) the
corresponding comparison of overpotentials (η); (c) the corresponding Tafel plots. LaCoO3, FeOOH,
LaCoO3@FeOOH−1:1, and RuO2 samples: (d) LSV curves; (e) the corresponding comparison of
overpotentials (η); (f) the corresponding Tafel plots [47].

Spinel oxides, typically Co3O4 and NiCo2O4, have excellent corrosion resistance in al-
kaline medium, low cost, and high catalytic activity for oxygen evolution, making them the
most promising anode materials for alkaline electrolytic water. Co3O4 has an inverse spinel
structure, which is composed of cobaltous oxide (CoO) and cobaltic oxide (Co2O3) [49].
Cobalt ions with a valence of +2 occupy tetrahedral gaps, while cobalt ions with a valence
of +3 occupy octahedral gaps, which makes the resistivity of Co3O4 material relatively high
(40 Ω m−1). By doping and compositing, the electronic interaction among the components
in the oxide can produce a synergistic effect, as shown in Figure 2. NiCo2O4 is a kind
of oxide with a spinel structure, in which bivalent Ni ions occupy tetrahedral gaps as A
sites, while B sites are trivalent Ni ions occupying oxygen octahedral gaps. This compo-
sition with bivalent and trivalent mixed valence can improve its catalytic performance by
doping bivalent Ni ions at position A with other transition metal ions [50]. NiCo2O4 has
excellent electrocatalytic performance in OER and HER as shown in Figures 4 and 5 [40].
Its electrical conductivity and chemical stability are optimized by doping, and this makes
oxygen adsorbing and desorbing easier. This unique structure gives it high electronic con-
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ductivity and chemical stability, as well as good adsorption and desorption performance for
oxygen. Generally, methods for preparing transition metal oxide catalysts include solution
impregnation (spraying) pyrolysis [51], high-temperature solid-state reaction [52], anodic
electrodeposition [53], citric acid sol-gel method [54,55], coprecipitation method [47] and
so on.

 

Figure 4. HER and OER performance of N−NiCo2O4@C, NiCo2O4@PTL, N−C, and Pt/C catalysts:
(a) HER LSV curves, (b) Tafel plots, and (c) LSV curves recorded for N−NiCo2O4@C before and after
1000 cycles. (d) OER LSV curves, (e) Tafel plots, and (f) LSV curves received for NNiCo2O4@C before
and after 1000 cycles [40].

 

Figure 5. The microstructure and morphology of NiCo2O4 (a,b); HER of NiCo2O4 (c) LSV curves
and corresponding Tafel plots; OER of NiCo2O4 (d) LSV curves and corresponding Tafel plots [40].
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2.1.3. Transition Metal Sulfide Catalyst

Transition metal sulfides (TMSs) have attracted much attention in the domain of elec-
trocatalysis because of their unique structure, composition, and excellent HER activity. The
representative TMSs include MoS2, Ni3S2, and WS2 [51,56]. Nickel sulfide with different
compositions and structures has excellent catalytic activity in HER [57] and OER [58] after
doping, as shown in Figure 6. At present, there are different explanations for the reaction
mechanism of the S atom in TMSs. Some researchers think that the high electronegativity of
the S atom causes it to directly act as the adsorption and analysis site of the H atom. Other
researchers believe that sulfide can adjust the electron density by producing S vacancies or
constructing an Sδ-TMn+-H2O network to improve the hydrolysis separation process [59].
Plenty of investigations show that the catalytic performance of TMSs can be improved in
two ways: one is to increase the exposed number of active sites by increasing the specific
surface area of the catalyst, thus improving the catalytic activity; the second is to optimize
the catalytic performance by improving the inherent activity of the original active site.

Figure 6. The HER performance of the B−, N−, F−doped Ni3S4 [58] (a) LSV polarization curves,
(b) Tafel plot, (c) overpotential. The OER performance of the Fe−doped Ni3S2 [59] (d) LSV polariza-
tion curves, (e) overpotential, (f) Tafel plot.

2.1.4. Transition Metal Phosphide Catalyst

Transition metal phosphides (TMPs) are one of the most widely investigated electro-
catalytic materials for hydrogen evolution in HER. P atoms with high electronegativity can
extract electrons from neighboring transition metals and capture positively charged pro-
tons, so they can be used as active sites to stabilize reaction intermediates [60]. TMPs have
stable structure, ceramic and metal characteristics, good thermal and electrical conductivity,
and thermodynamic stability, etc., and have always been known as the “quasi-platinum
catalyst”. Metal phosphides tend to form more isotropic structures rather than layered
structures. Therefore, they can have more coordinative unsaturated surface atoms and are
not constrained by the stacking load on the electrode. Furthermore, they have metallic
properties, which are beneficial to their application in the electrochemical direction. Typical
monometallic TMPs include Ni-P, Co-P, and Fe-P. Compared with monometallic TMPs,
bimetallic TMPs, such as Ni-Co-P [61–63] and Fe-Co-P [64], can significantly reduce the
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catalytic overpotential and have more excellent catalytic performance in the field of elec-
trolytic hydrogen production as shown in Figure 7. Brewer-Engel valence bond theory
shows that the transition metals with empty or semi-empty d orbitals (d electrons are
less than d orbitals) and transition metals with paired d electrons (d electrons are greater
than d orbitals) will have a synergistic effect, which is beneficial to the cathodic hydrogen
evolution reaction.

Figure 7. Transition metal phosphides (a) the polarization curves for Ni−Co−P after Fe addition
(b) corresponding Tafel plots [64]; (c) OER polarization curves for Multicomponent alloy phosphide,
(d) corresponding overpotentials [65].

2.2. Proton Exchange Membrane Water Electrolysis Hydrogen Production

Hydrogen production by electrolysis of water with a proton exchange membrane is
a technology developed from the 1960s to the 1970s. After a long period of development,
its equipment has had a high degree of integration, but there are bottlenecks in many
technical aspects. At present, it is mainly imported from developed countries, such as
Europe and America. The principle of hydrogen production by PEM is shown in Figure 8.
The PEM electrolyzer adopts a bipolar structure, and the electrical connection between
cells is carried out by a bipolar plate, which plays an important role in discharging the
generated gas [9]. The anode, the cathode, and the membrane group form a membrane
electrode assembly. At the anode end, water is catalytically oxidized by the catalyst on the
membrane to generate oxygen, electrons, and protons, and the protons generated at the
anode are circulated to the cathode end through the membrane and reduced to generate
hydrogen. PEM technology uses a perfluorosulfonic acid proton exchange membrane as
an electrolytic membrane. Compared with traditional membranes, PEM membrane has
the advantages of stable chemical properties, high proton conductivity, nonporous gas
isolation, and so on, and can be integrated with electrodes to reduce the extra resistance
and power loss caused by the distance between the two electrodes [65]. Therefore, this
technology can improve the purity of hydrogen production, and at the same time obtain
large current density and rapid response, which is suitable for renewable energy power
generation systems with large fluctuations.
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However, the investment cost of PEM membrane is high, and almost all the catalysts
used depend on platinum-based precious metals and their alloys, as well as precious metal
oxides, such as PtO2, RuO2, and IrO2 [66], which greatly increases the use cost. At present,
the research on noble metal catalysts mainly focuses on the control of microstructure [67]
and composition [68]. Figure 8 shows several methods of membrane electrode assembly in
PEM electrolytic cells. When the catalyst layers are directly deposited onto membranes,
protonic transport is most likely improved, due to the geometrically shortest protonic
pathway for a given PEM thickness, as indicated by the orange arrow. At the anode
side, as shown in Figure 8A, only a few titanium fibers directly connected electric contact
between the catalyst and membrane layer. When depositing the anode catalysts directly
on the titanium diffusion layer, the deposition of large parts of the catalyst layer up to
multiple hundreds of micrometers into the pores of the titanium diffusion layer (Figure 8B)
is expected. In this case, fewer parts of the catalyst layer are directly in contact with
the membrane. Therefore, the reduced protonic interface between the catalyst layer and
the PEM leads to an increased ohmic resistance, but the increased interface between the
titanium fibers and catalysts makes the electron transport improve, as indicated by the
blue arrow. For the anodic porous transport electrodes (aPTE), the carbon-based surface
is more planar compared to the titanium substrates. Therefore, one would assume less
poorly connected catalyst areas (Figure 8D). For the ai PTE, as shown in Figure 8C, we
expected a behavior based on the aPTE and cathode porous transport electrode base cases,
but an improvement of the ionic transport and consequently an improved high-frequency
resistance. By changing the microstructure of a noble metal catalyst, its electrochemical
performance is greatly improved, and the reaction overpotential can be further reduced, or
it can be combined with other non-noble metal materials, such as PtCu alloy, to reduce the
loading and cost while ensuring its catalytic activity. Furthermore, the typical synthesized
electrocatalysts with high electrochemical performance are shown in Table 3. However,
compared with AWE technology, PEM technology requires higher water quality [22], which
increases not only the production cost but also the supply cost of raw materials. Moreover,
due to the imperfect manufacturing process and lack of practical engineering experience,
the voltage fluctuates greatly during operation, and the theoretical electrolysis effect cannot
be achieved [69]. Although the purity of hydrogen prepared by PEM technology is higher,
the preparation cost and service life of membrane and catalysts are difficult to compare
with AWE.

Table 3. Electrochemical properties of typical electrocatalysts for PEM electrolyzer.

Electrocatalysts for
PEM Electrolyzer

Catalyst
Overpotential/mV

(10 mA cm−2)
Tafel Slope/mV dec−1 Rct/Ω

oxides
Ir0.6Mn0.4Ox for OER [70] 212 40 5.2
Ir/ATO 70% for OER [71] 256 - -

sulfides
GDL/(CNTs+FeMoS)

for HER [72] 180 57 -

FeS2 for HER [73] 870 mV at 1 A cm−2 - -

phosphides
Ni78P22 for HER [74] 105 38 1.16

Ni71.5Mo26.5P2 for HER [75] 28 29
20% FeP/CB for HER [76] 51 101 -

Proton conductive ceramic water electrolysis hydrogen production technology PCC
uses solid oxide ceramics as electrolytes, which reduces the cost of hydrogen production by
PEM [77]. The electrolyte and catalyst used are similar to solid oxide fuel cell SOFC [34],
mainly including zirconate, cobaltate, and ferrite perovskite ceramic materials [78]. Among
them, the typical perovskite strontium zirconate ceramics show excellent proton conductiv-
ity at the temperature of about 700 ◦C, which is beneficial to the production of high-purity
hydrogen at the cathode and can simplify the steam electrolysis device. The main working
principle diagram is shown in Figure 1d. The disadvantage of hydrogen production by

137



Molecules 2023, 28, 5010

electrolysis of water with proton conductive ceramics is the overvoltage caused by high
ohmic polarization loss at the connection between batteries. Contrary to the tubular battery,
the flat battery makes the structure more compact, thus improving hydrogen production
efficiency. At present, the main obstacle to the industrial application of hydrogen produc-
tion technology by electrolytic water with proton conductive ceramics is the long-term
stability of electrolyzer in high-temperature and high-humidity environments [79], and
there are also problems of electrode aging and deactivation. It works at high temperatures.
Ceramic materials are generally used as catalysts, such as perovskite material with proton
conduction as an anode and nickel-based ceramic material as a cathode. Ceramic oxide
catalysts have excellent high-temperature stability, and their catalytic performance can be
optimized by doping and introducing oxygen vacancies.

Figure 8. Model of the membrane-electrode interfaces and transport processes in different MEA
configurations [68].

2.3. Solid Oxide Water Electrolysis Hydrogen Production

Solid oxide ceramic is used as an electrolyte in solid oxide electrolytic water technology
SOE. Contrary to SOFC, the working temperature is between 500~1000 ◦C. The high
working temperature leads to higher efficiency than AWE and PEM technology, and the
highest efficiency can be close to 100% [80]. Hydrogen is generated by water electrolysis
under high temperature [81,82]. In the solid oxide electrolyzer, water is converted into
water vapor at high temperature, and the current electrolyzes the water molecules adsorbed
on the cathode catalytic layer into H+ and O2–; the free electrons of H+ transmitted through
the external circuit are reduced to H2, and O2– passes through the solid electrolyte layer
to reach the anode catalytic layer. At the same time, the lost electrons are converted into
oxygen, and the free electrons enter the external circuit [9]. It is required that the electrolyte
has high oxygen ion conductivity, so that O2– can pass through the electrolyte layer, and its
electronic conductivity is very low to prevent short circuits. The anode and cathode are
porous structures, which are beneficial for gas diffusion and constructing the interfaces of
three-phase catalytic.

The biggest advantage of SOE technology lies in its high energy conversion efficiency,
which can effectively reduce the energy consumption required in the electrolytic proce-
dure [82]. As the PCC technology, its working temperature is higher, and the catalyst used
is high-temperature ceramic material. The anode is composed of perovskite or perovskite
ceramic composite, and the cathode is made of nickel-based ceramic composite material, so
a precious metal catalyst is not needed, and the preparation cost of the catalyst is low [83].
Additionally, SOE technology can also be used for the electrolytic reduction of CO2 to
realize CO2 conversion and emission reduction [82]. Although the catalytic efficiency of
SOE technology is increasing with the increase of working temperature, high working
temperature also creates some problems, such as difficulty in sealing, and higher require-
ments for the chemical and mechanical stability of electrodes and catalytic materials in
high-temperature and high-humidity environments, which limits the development of SOE
technology to some extent. Furthermore, the gas produced by the cathode is a mixture of
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hydrogen and water vapor, which needs to be further separated and purified, which, in
turn, increases the cost compared with conventional liquid water electrolysis. At present,
due to the short life of the battery stack, the need for auxiliary components in the process
of electrolytic hydrogen production and the high temperature and other safety issues,
SOE technology is still in the laboratory research and development stage, and it cannot be
commercialized in the short term [8].

After years of research and development, the catalytic performance and chemical sta-
bility of electrolyzed water hydrogen production technology have been greatly improved,
but there are still some problems with the actual industrial application. First, water elec-
trolysis OER is a slow four-electron transfer process. To drive the reaction, it is necessary
to apply a very high overpotential, resulting in high energy consumption. The oxygen
evolution performance of the catalyst can be improved by structural optimization. Second,
the economic competitiveness of hydrogen production technology by electrocatalytic de-
composition of water still needs to be strengthened, and the development of electrocatalysts
with low cost and rich resources is still the main research direction in the future. Moreover,
the hydrogen evolution reaction in the semi-reaction of electrolytic water is a relatively
fast two-electron transfer process, and it is still an effective measure to reduce the energy
consumption in the process of electrolytic water by using electrocatalyst to reduce the
overpotential of OER and reduce the energy loss in the process of water decomposition. Fi-
nally, because acidic or alkaline electrolytes are corrosive, long-term operation will corrode
industrial equipment, which further hinders the industrial application of electrolytic water.
Therefore, it will be the future development direction to investigate high-performance
electrocatalysts in neutral electrolytes. In neutral electrolytes, more materials will be used
as suitable electrocatalysts to realize water electrolysis. However, the long-term stability
of the catalyst itself is affected by many factors. The researchers found that the current
density, electrolyte pH, electrolyte temperature, and the decomposition of the catalytic
substrate have a great influence on the long-term stability of the catalytic materials. The
optimal parameters could be obtained by comparing the effects of various parameters on
the cathodic catalytic hydrogen evolution [84–86].

The design of the catalytic electrode structure and the optimization of the catalytic
material structure are very important to improve the efficiency of hydrogen production by
electrolysis of water. The conventional powder material spraying method uses a binder in
electrode preparation, which increases additional resistance, hinders the contact between
active sites and electrolyte, hinders the transfer of substances, and leads to the decrease
of apparent activity of the catalyst [87]. In situ construction of an integrated electrode
on a three-dimensional conductive substrate can effectively improve the conductivity
of the electrode, increase the number and utilization rate of active sites, and promote
substance transfer. Common three-dimensional electrode substrate materials include
carbon-based and metal-based materials, and different substrate materials have different
charge transfer capabilities, so their catalytic activities are also different. In addition,
different microstructures of catalytic materials have different specific surface areas, which
leads to different active sites. Through the microstructure design of the catalyst, the number
of active sites exposed on the catalyst surface can be increased, the stability of the catalytic
electrode can be improved, and the charge transfer, electrolyte diffusion, and timely release
of H2 can be improved. By combining the control of different electrode substrates and
nanostructures, the catalytic limit of electrodes can be broken, and the material activity
and electrolytic efficiency can be effectively improved [88,89]. Therefore, it is necessary
to consider a multi-scale design strategy and explore the mechanism of various factors
on catalyst activity and stability. For the practical application process of the catalysts, the
catalytic activity, and chemical and mechanical stability of the catalytic material need to
be considered to ensure that the catalytic electrode material has high catalytic efficiency
and service life. To realize large-scale commercial applications, the catalyst’s preparation
and use costs need to be thoroughly analyzed. Noble metal catalysts are essential for
some noble metals in special catalytic systems due to their excellent catalytic activity and
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stability. Based on this, it is necessary to consider how to reduce the usage of noble metals
on the premise of ensuring the catalytic activity of materials and recycling the subsequent
noble metals.

Based on the finding of this study, the future research directions of hydrogen produc-
tion by water electrolysis mainly include the following: (1) considering the high catalytic
activity and electrochemical stability of the noble metal catalyst, especially its excellent
stability in acidic electrolysis system, to develop an economical, efficient, and stable elec-
trocatalyst composed of noble metal and base metal [90]; (2) based on the high catalytic
activity of the obtained catalyst, further improving the structural stability of the catalyst
and preventing large deformation during the reaction; (3) designing an electrolyzer with
zero gap structure between anode and cathode to improve the current density and optimize
electrolysis efficiency.

3. Conclusions

Hydrogen production technology by water electrolysis has the advantages of environ-
mental friendliness, high purity of hydrogen production, and simple preparation process,
which has broad development potential under the background of global energy shortage
and successive transformation of high-carbon energy. At present, the main technologies for
hydrogen production by electrolysis of water can be divided into three categories, including
alkaline water electrolysis, proton exchange membrane water electrolysis, and solid oxide
water electrolysis. The key to the development of hydrogen production technology by elec-
trolysis of water lies in the selection of catalysts and the optimization of their performance.
Optimizing the existing catalyst systems and developing high-performance catalysts, re-
ducing the use cost, and improving the stability of catalysts are of great significance for
improving the efficiency of OER and HER, reducing the overpotential of electrodes, and
reducing energy consumption. Precious metals, precious metal alloys, and oxides are still
the main catalysts with the best performance, but the use cost of precious metal catalysts is
high, so it is very important to develop high-performance and low-cost catalysts. Transition
metal catalysts are widely used because of their low preparation cost and many optimized
electrocatalytic properties comparable to those of precious metal catalysts. Catalysts can
be optimized using alloying, element doping, multi-structure compounding, and micro-
morphology regulation, but the single method of optimization has limitations, and the
combination of multi-scale methods can realize the diversified promotion of catalysts from
composition and structure to performance. With the increasing demand for clean energy,
the technology of hydrogen production from electrolyzed water will be further developed
and is expected to boost energy transformation and environmental optimization.
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Abstract: When compared to expensive lithium metal, the metal sodium resources on Earth are
abundant and evenly distributed. Therefore, low-cost sodium-ion batteries are expected to replace
lithium-ion batteries and become the most likely energy storage system for large-scale applications.
Among the many anode materials for sodium-ion batteries, hard carbon has obvious advantages
and great commercial potential. In this review, the adsorption behavior of sodium ions at the
active sites on the surface of hard carbon, the process of entering the graphite lamellar, and their
sequence in the discharge process are analyzed. The controversial storage mechanism of sodium
ions is discussed, and four storage mechanisms for sodium ions are summarized. Not only is the
storage mechanism of sodium ions (in hard carbon) analyzed in depth, but also the relationships
between their morphology and structure regulation and between heteroatom doping and electrolyte
optimization are further discussed, as well as the electrochemical performance of hard carbon anodes
in sodium-ion batteries. It is expected that the sodium-ion batteries with hard carbon anodes will
have excellent electrochemical performance, and lower costs will be required for large-scale energy
storage systems.

Keywords: sodium-ion battery; electrochemical performance; sodium-ion storage; hard carbon anode

1. Introduction

Lithium-ion batteries are the main energy storage systems for mobile electronic devices
such as electric vehicles, mobile phones, and laptops [1,2]. The lithium-ion batteries are
the most mature energy storage devices at present, but their high cost and poor safety
stagnate their commercial application [3–5]. Researchers are committed to finding products
with a capacity and service life comparable to lithium-ion batteries, with lower costs and
better safety performance, to satisfy the energy storage requirements of large-scale power
grids in the country [6–16]. After long-term efforts, scientists finally found that sodium-ion
batteries are the most promising alternatives to lithium-ion batteries [17–23]. Through
investigation, it was found that the crustal abundance of sodium metal (2.74%) is more
than 420 times that of lithium metal (0.0065%), which is rich in resources and evenly
distributed worldwide [24–26]. Moreover, the two elements are of the same main group
and have similar physical and chemical properties and similar electrochemical behaviors,
and many technologies applied to lithium-ion batteries can also be applied to sodium-ion
batteries [27–33]. Sodium-ion batteries have attracted wide attention as a substitute for
lithium-ion batteries [34–38]. Anode materials play an important role in facilitating sodium-
ion batteries with outstanding electrochemical performance. The design of novel anode
materials with excellent performance and low cost can accelerate the commercialization of
sodium-ion batteries [39–48]. Among the many anode electrode materials of sodium-ion
batteries, hard carbon materials have the superiority of high capacity, low price, and low
working voltage, and their unique structure is conducive to sodium-ion adsorption and
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reversible embedding/removal, showing excellent sodium storage performance, making
them the most likely anode materials to be commercialized [49–57]. When commercializing
hard carbon materials, troubles such as low first-cycle coulombic efficiency, terrible rate
performance, and poor cycle stability are also faced [58–60]. In order to achieve an in-depth
understanding of the sodium storage behavior of hard carbon anodes, this review analyzes
in detail the mechanism of sodium-ion storage in hard carbon materials with different
structures and then proposes three kinds of methods to improve the storage capacity of hard
carbon materials, including morphology and structure construction, heteroatom doping,
and electrolyte optimization. It is hoped that it can guide the synthesis of hard carbon
materials with excellent properties and realize the application of sodium-ion batteries with
hard carbon as the anode in large-scale national power grids as soon as possible.

2. Mechanism of Sodium Storage by Hard Carbon

Hard carbon is a kind of carbon material that cannot be graphitized at high tempera-
tures, while graphite is a long-range ordered carbon material with a crystal structure [61–68].
The microstructure of hard carbon is obviously distinctive regarding graphite, which shows
a short-range ordered structure with local graphite regions inside. Hard carbon prepared
with various precursors has distinguishing characteristics, morphology, and structure,
which makes the storage capacity of sodium ions vary greatly among hard carbon mate-
rials with distinguishable structures [69–73]. The difficulty in understanding the mecha-
nism of sodium-ion storage in hard carbon has hindered the design of anode materials
with excellent performance for sodium-ion batteries. Scientists have made many efforts
to solve the controversial problems in developing sodium-ion batteries, and enormous
achievements have been made during this period [74–76]. This review summarizes four
different sodium-storage models for hard carbon anodes [77,78] (Figure 1), including the
“embedding-adsorption” model [79,80], the “adsorption-embedding” model [3,81,82], the
“three-stage model” [83], and the “adsorption-filling” model [84]. The following section
describes the storage of sodium ions in hard carbon.

 

Figure 1. Four different mechanisms of sodium storage in hard carbon [77] (copyright Wiley, 2022).
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2.1. “Embedding-Adsorption” Model

This sodium storage model was first proposed by Stevens et al. in 2000. As a glucose
precursor, hard carbon materials were synthesized by pyrolysis, which served as the anode
of sodium-ion batteries [85]. The storage mechanism of sodium ions in a hard carbon
negative electrode was proposed, with the sodium ions embedded into the carbon layer
under a high-voltage range, then absorbed into the pores at a low-voltage range [86]
(Figure 2a). Subsequently, Stevens et al. found that sodium ions could enter the layers of
hard carbon materials through wide-angle in-situ X-ray diffraction studies, and the layer
spacing expanded with the insertion process. They also conducted small-angle diffraction
studies and found sodium ions in the nanopores of hard carbon materials [87]. Ilic et al.
processed commercial hard carbon by ball milling at different lengths and studied its
sodium ion storage mechanism through various characterization methods [79]. It was
found that by extending the milling time, the amount of gas adsorption and the pore
volume increased through physical nitrogen adsorption and small-angle X-ray diffraction.

On the basis of the quenched solid density functional theory model, the pore and
specific surface area of the sample increases with an increase in ball milling time, confirming
the presence of large quantities of closed pores in the sample. Electrochemical tests have
confirmed that hard carbon materials with high closed porosity can store more charges in
the platform region because of the existence of quasi-metallic sodium particles in the closed
pores, which is consistent with the embedding-adsorption mechanism. Xu et al. used
bamboo as a precursor and combined acidizing pretreatments and a two-step carbonization
method to introduce the carbonyl group and closed micropores into bamboo-sourced hard
carbon materials [88]. Through testing, it was found that the carbonyl group provided
additional active sites, improving the reversible adsorption capacity of sodium ions at the
slope areas, while the closed micropores promoted the storage capacity of the sodium ions
in the platform range. There is an existing similar mechanism of sodium ion storage of the
platform region in the embedding-adsorption model.

2.2.“Adsorption-Embedding” Model

The “embedding-adsorption” mechanism has been recognized by some people but
has also been opposed by others. The core idea of the “embedding-adsorption” mechanism
is that the capacity of the low-voltage platform region is positively correlated with the
porosity of the anode material. By increasing the carbonization temperature, the sodium
storage capacity of the low voltage platform region can be increased while the specific
surface area of material is reduced, which is contrary to the “embedding-adsorption”
mechanism. On this basis, the opposite mechanism of “adsorption-embedding” sodium
storage was proposed [88] (Figure 2b). Cao et al. summarized the “adsorption-embedding”
model in 2012. In the high-voltage region, sodium ions were adsorbed by the pores of the
materials, while in the low-voltage range, they were inserted between the carbon layers [89].
Jin et al. used situ X-ray diffraction (situ XRD) to prove that the peak (002) was offset
during the discharge-charge process [82] (Figure 2c). Figure 2d is the Raman image of the
hard carbon near spheres (HCNSs). There are a couple of peaks at 1340 and 1580 cm−1

that indicate the existence of defects. By using the galvanostatic intermittent titration
technique (GITT) test (Figure 2e), it was verified that the diffusion coefficient of sodium
ions in the high-potential region is higher than in the low-voltage region. By using the i
= aνb equation, it was proved that the diffusion process of sodium ions is dominant near
0.1 V, which further confirms the “adsorption-embedding” mechanism in hard carbon. Lu
et al. synthesized hard carbon materials by a simple ball-milling method and confirmed
the influence of the microstructure on the sodium storage capacity of hard anodes [90]. By
increasing the milling time, the graphite-like nanoregions in hard carbon become smaller
and thinner, and the specific surface area and micropore volume increased along with the
degree of structural disorder, while the capacity and initial coulombic efficiency (ICE) of
the platform region decreased. The capacity of the high-voltage region is derived from
the activity and defect sites of the sodium ions adsorbed on the surface of the material. In
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contrast, the low-voltage region corresponds to the insertion of sodium ions into graphite
layers, which is consistent with the “adsorption-embedding” mechanism.

Figure 2. Model of sodium-storage mechanism using hard carbon; (a) embedding-adsorption mecha-
nism; (b) adsorption-embedding mechanism [86] (copyright Wiley, 2017); (c) XRD of P-HCNS and
CNS-1200-1; (d) Raman of HCNSs; (e) the GITT Curves of CNS-1200-1 [82] (copyright Elsevier, 2021);
(f) schematic diagram of adsorption-co-embedding mechanism [91] (copyright Wiley, 2022).

Using asphalt as a precursor, Yuan et al. synthesized a battery using a carbon anode
with diverse crystallinity and pore structures under various carbonization temperatures
and finally proposed a universal sodium storage mechanism by combining it with elec-
trochemical performance [92]. In a high-voltage region of greater than 0.3 V, the sodium
ions adsorbed in the holes, defects, and impurity sites in the presence of the hard carbon.
A low-voltage region of less than 0.3 V for the sodium ions is inserted into the middle
of the carbon layer. Only hard carbon has a capacity in the plateau region of less than
0.1 V, resulting from the filling of sodium ions in closed pores. Jiang et al. proposed an
“adsorption-coembedding” mechanism, that is, in a high-voltage region of greater than
0.1 V, the sodium ions adsorb in the amorphous region of hard carbon, and with the further
progress of a discharge reaction, the sodium ions and ether-based solvent chelates co-embed
in the platform region of less than 0.1 V [91] (Figure 2f). The “adsorption-embedding”
mechanism is consistent with the Na+ storage mechanism of most hard carbon.

2.3.“Adsorption-Insertion-Hole Filling” Model

Although there exist many experimental data from the two mechanisms of sodium
storage demonstrated above, with the deepening of research, there are still many experi-
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mental phenomena that the above two mechanisms cannot explain. With the improvement
of experimental methods and characterization techniques, researchers continue to discover
new mechanisms of sodium-ion storage, such as the “adsorption-insertion-hole-filling”
sodium storage mechanism. Ren et al. synthesized a series of independent, flexible mi-
crofiber carbon papers (MFCPs) as sodium-ion battery anode materials at a pyrolysis
temperature of 900–1500 ◦C using filter paper as a precursor and a simple graphite plate-
assisted method [93]. MFCP-1300 exhibited the most excellent electrochemical performance,
including up to 96.3% ICE and a high platform capacity, attributed to a large graphite-like
structure and low defect and porosity. The mechanism of sodium storage in MFCP-1300
can be divided into three parts: adsorption of sodium ions in edge and surface defects
(>0.1 V), implantation of exposed sodium ions into the interlayer (0.1–0.03 V), and the
filling of closed pores (<0.03 V) (Figure 3a–c). Song et al. used esterified starch as a carbon
source to prepare hard carbon materials by quantitatively adjusting the oxygen content
through low-temperature hydrogen reduction [94]. The storage mechanism of sodium ions
in hard carbon materials was confirmed by cyclic voltammetry (CV) situ Raman (Figure 3d):
In the first stage (open-circuit voltage (OCV) of 0.6 V), the sodium ions were adsorbed on
the defect sites. Through low-temperature carbonization, the defect sites in hard carbon
materials increase. The defects provide additional sodium-ion storage sites and improve
the capacity retention rate at high rates. In the second stage (0.6–0.1 V), the sodium ions
entered the graphite-like region. Thanks to a high proportion of graphite-like regions,
hard carbon materials provide a suitable microstructure for sodium-ion insertion and high
capacity in the inclined region. In the third stage (0.1–0.001 V), the sodium ions are filled in
the closed micropore. When the insertion site was saturated, closed-hole filling was the
main sodium storage behavior in the platform region.

Figure 3. (a–c), schematic diagram of Na+ storage mechanism of MFCP-1300 [93] (d), schematic
diagram of Na+ storage [94] (copyright Elsevier, 2022) (e), schematic diagram of adsorption-pore
filling mechanism [95] (copyright Wiley, 2018).

2.4.“Adsorption-Hole Filling” Model

Bai et al. synthesized composite materials by injecting sulfur elements into hard
carbon and confirmed the two-step storage behavior of sodium ions in anodes through
experiments [95] (Figure 3e), showing the voltage curve change of hard carbon materials
with a low carbonation temperature have higher defects and heteroatom concentration and
are amorphous structures.

When increasing the carbonization temperature, the defects and heteroatom concen-
tration in the materials can be reduced, and the graphite structure of materials can be
improved. In the Na+ insertion process, Na+ adsorption at the defect or heteroatom site
leads to a change in binding energy, which makes the voltage curve appear inclined. The
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pores of the hard carbon material were filled with Na+ and verified by a series of exper-
iments, including the use of sulfur to fill the pores, varying the heating temperature to
adjust the pore structure, the use of different electrolyte systems, the comparison of fuzzy
and conflict spectral analyses in the literature, and the pores filled with Na+ with weak
binding energy, similar to the deposit of sodium metal. The result is a platform-shaped
low-pressure area. Fei et al. used cotton as a carbon source to pyrolyze hard carbon materi-
als at 1300 ◦C [96]. Ex situ X-ray photoelectron spectroscopy (XPS) and GITT confirmed
that the sodium storage mechanism of hard carbon materials was adsorption and pore
filling. The inclined region above 0.12 V corresponds to the adsorption of Na+ between
disordered graphite layers. Na+ fills the nanopore in the platform region near 0 V. Due
to the different precursors and carbonization temperatures, hard carbon materials have a
complex morphology and structure, and it is very difficult to determine the storage mecha-
nism of sodium ions in them. In particular, the sodium storage mechanism in the platform
area is controversial, which also puts forward clear requirements for future research.

3. Challenges and Solutions of Hard Carbon

3.1. Problems with Hard Carbon

As an anode of sodium-ion batteries, hard carbon has excellent performance, low cost,
and uniform distribution, which is conducive to commercialization, but this also has the
problem of a wasted rate performance and low ICE. Hard carbon materials have abundant
internal pores and surface defects. The first charge and discharge process cause serious
irreversible reactions, including electrolyte that is deposited at the electrode surface to form
a solid electrolyte interphase (SEI) membrane, which consumes many sodium ions, surface
defects, and internal pores in the cycle and will also cause irreversible reactions, which are
the main reason for the low ICE of hard carbon materials. The capacity of the whole battery
is influenced by active matter loss, so the specific surface area and defects of hard carbon
can be reduced, and some pores can be closed to reduce the irreversible reaction to achieve
the purpose of improving ICE and obtaining the anode materials of sodium-ion batteries.

3.2. Improvement Strategy
3.2.1. Morphology and Structure Regulation

Yang et al. used walnut shell as a carbon source to prepare anode material through
high-temperature carbonization and then hydrothermally treated hard carbon with
cetyltrimethyl-ammonium bromide (CTAB)/KOH [97] (Figure 4a). Using a scanning
electron microscope (SEM) to analyze CWS-CK (Figure 4b), it was shown that the surface
presents a massive structure with micropores, which is conducive to electrolyte diffusion
in the hard carbon main body. High-resolution transmission electron microscopy (HRTEM)
images of CWS and CVS-CK can be seen in Figure 4c,d, respectively. Through comparison,
it was found that the micropores of CVS-CK were transformed into mesoporous ones,
which slow down the diffusion of sodium ions or even have difficulty containing Na+. On
the contrary, mesoporous pores are beneficial to sodium-ion diffusion. The specific surface
area and pore volume of the samples are plotted vs. the pore size, respectively (Figure 4
e,f). The pores of CWS concentrate at 0.6–2 nm. Besides, the mesopore volume of CWS-CK
is larger than CWS. The CWS-CK contains abundant mesopores that accelerate Na+ inter-
calation. The maximum capacity of CWS-CK under 0.02 A g−1 can attain 283.7 mAh g−1,
83% higher than that of hard carbon that is rich in micropores, which still has a capacity of
189.4 mAh g−1 at 0.2 A g−1 after 320 cycles.
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Figure 4. (a), Synthesis process of the hard carbon using walnut shell as a precursor. (b) SEM image of
CWS-CK, (c,d) HRTEM images of CWS and CWS-CK, (e,f) specific pore volume and specific surface
area of CWS-CK, CWS-C, CWS, and CWS-K [97] (copyright Elsevier 2020).

Jin et al. synthesized several spheroidal hard carbons under different carbonization
conditions, and the effect of microstructure on Na+ storage behavior was investigated [82].

It was confirmed by experimental data that the overall sodium-ion storage capacity
could be improved by increasing the material order and platform capacity while main-
taining the appropriate layer spacing (>0.364 nm). The “adsorption capacity” of the
high-voltage region could be markedly increased by increasing the specific surface area.
The electrode material had a high capacity of 305 mAh g−1. The platform area had a
capacity of 170 mAh g−1 and 210 mAh g−1 at 0.02 A g−1 and 1 A g−1, respectively. Yin
et al. synthesized different hard carbon materials (HMM-1300-ZBE) through the ZnO auxil-
iary etching strategy, which can achieve extremely fast sodium-ion storage with a voltage
between 0.01 V and 2 V, which increases the diffusion rate of sodium ions by two orders
of magnitude [98]. Through characterization, it was proved that the short graphite layer
could be made thicker and longer by increasing the oxygen content via a volume-etching
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strategy, which improves the ion transport rate. In the electrochemistry test, the discharge
capacity of HCM-1300-ZBE at the first cycle is 501 mAh g−1 at 0.05 A g−1 (Figure 5a), and
HCM-1300-ZBE shows excellent rate performance. The capacity is 230.4 mAh g−1 and
107 mAh g−1 at 20 A g−1 and 50 A g−1 (Figure 5b,c), and the outstanding cycle stability
is 344 mAh g−1 at a current density of 2 A g−1. The capacity retention rate is more than
99.99% after 3000 cycles (Figure 5d). The electrodes were used at a wide range of tempera-
tures, with a capacity of 426 mAh g−1 under −40 ◦C, a mere 14.9% reduction from 25 ◦C,
which is the lowest reported in the literature. Figure 5f shows the diffusion and storage
of sodium ions of HCM-1500/1300 and HCM1300/1500-ZBE. Finally, the whole battery
was tested using the negative electrode of HCM-1300-ZBE and the positive electrode of
Na3V2(PO4)3(NVP). It was found that the capacity reached 39.95 mAh g−1, and the average
voltage of the whole battery reached 3.31 V at 10 A g−1. The power densities and energy
densities are 6.73 kW kg−1 and 294.6 Wh kg−1, respectively.

Figure 5. Electrochemical characterizations. (a) Galvanostatic charge/discharge (GCD) curves of
HCM-1300, HCM-1300-ZBE, HCM-1500-ZBE, and commercial HC with the voltage range from
0.01 V to 2 V at 50 mAh g−1 of the second cycle. (b) Rate performances at 0.05, 0.1, 0.2, 0.5, 1.0,
2.0, 5.0, 10, 20, and 50 A g−1, respectively. (c) The electrochemical performance of different HC
materials [15,23,37,44,45,47–52]. (d) The long-term cycling performance of HCM-1300-ZBE at 2 A g−1.
(e) The second cycle of the GCD curve with −40 ◦C, (f) showing sodium-ion diffusion in HCM-1500,
HCM-1300, and HCM-1300/1500-ZBE [98] (copyright Wiley 2022).

Liu et al. synthesized many permeable channel-like hard carbons with interconnec-
tions through an ingenious controlled phase-transition method, improving ionic diffusion
and electrode and electrolyte interface and affinity [99]. The experimental results show that
porous hard carbon materials with a crosslinked mesoporous structure can improve the
capacity of sodium-ion storage. When compared with other initial hard carbon materials
with lower pore content, the ICE of the synthesized porous hard carbon anode increased
from 51.5% to 68.3%, with a high capacity of 332.7 mAh g−1 at 50 mA g−1, as well as a
capacity retention rate enhanced from 46.5% to 67.4% at 2 A g−1. The capacity retention
rate was enhanced from 86.4% to 95% after 90 cycles, with anode capacity, cycle stability,

152



Molecules 2023, 28, 3134

and rate performance all comprehensively enhanced. Yang et al. used melt diffusion
carbonization to make the micropores inside of hard carbon become ultrafine pores [100].
In situ XRD confirmed that the ultrafine pores provided additional sodium-ion storage
sites, increasing the capacity of the anode. The ICE of hard carbon increased up to 80.6%,
with a capacity of 346 mAh g−1 at 0.03 A g−1, and regions with a voltage of less than 1 V
contributed more than 90% to the capacity. The surface capacity was 5.32/6.14 mAh cm−2

at −20 ◦C and 25 ◦C, respectively, under a high load of 19 mg cm−2. Porous hard carbon
with a 3D structure can be constructed by morphological and structural regulation to realize
the fast diffusion of sodium ions and improve the cycle stability and rate performance of
sodium-ion batteries.

3.2.2. Doping by Heteroatom

The number of defects and layer spacings can be regulated by heteroatom doping.
Wu et al. adopted a simple boron-doping strategy to optimize the multiscale carbon-based
structure in terms of spherical morphology and crystal parameters while improving the
storage capacity of the sodium ions and the battery’s electrochemical performance [101].
By using boric acid as a boron source and glucose as a precursor, hard carbon nanospheres
were synthesized through high-temperature carbonization, presenting a polydisperse
nanosphere shape and expanded layer spacing. These structural features can improve
sodium-ion storage and rate performance. The capacity of the hard carbon anode in the full
voltage range significantly increased under boron doping, with the capacity of the high-
voltage region increased by three times, while the low-voltage region increased by 67%.
The reaction curve of the B-doped hard carbon spheres (BHCS-1200) negative electrode at a
pulse current of 0.03 A g−1, with the calculated chemical diffusion rate of the sodium ions
(DNa+), was calculated (Figure 6a). In Figure 6b, the DNa+ of the two electrodes is compared,
and it is found that the diffusion mechanism of Na+ in the two electrode materials has
many similarities, indicating that doping boron atoms do not change the mechanism of
sodium storage behavior. From 0.1 to 0.03 V, the DNa+ of BHCS-1200 was higher than
HCS-1200, illustrating that heteroatom doping increased the storage capacity of the sodium
ions. The capacity of the region with a voltage larger than 0.1 V comes from the sodium-ion
filling of the micropores. The in-situ XRD pattern of the BHCS-1200 electrode at 30 mA
g−1 can be seen in Figure 6c. At 21◦~22◦, BHCS-1200 has a strong peak, indicating that the
layer spacing of BHCS-1200 becomes wider after the initial discharge process, confirming
that sodium-ion embedding occurs in the low discharge region. The density functional
theory (DFT) calculation of BHCS-1200 confirmed that the diffusion and intercalation
kinetics of the sodium ions in doped hard carbon improved, and the intercalation capacity
increased. Yu et al. used tamarind fruit as a carbon source to prepare hard carbon materials
through a cost-effective and scalable self-assembly technology through the natural super
accumulation and enrichment of calcium ions [102]. After further hydrothermal treatment,
self-binding and evenly distributed calcium ions act as a buffer layer to expand the distance
between hard carbon layers. By optimizing the calcining temperature, the natural pore
structure can be retained to a large extent. The hard carbon anode rich in calcium ions shows
excellent performance. The capacity was 326.7 mAh g−1 after 250 cycles at 0.05 A g−1, and
the ICE was 70.39%.

Liang et al. proved that the carbon nanoribbon array modified by metallic bismuth
nanospheres coated with a carbon layer was synthesized by introducing MOF, which had a
three-dimensional frame superstructure [103]. It was found that a thin and uniform SEI
film was generated on the anode surface during the discharge and charging cycles, and
the porous structure formed on the electrode surface not only improved the utilization
rate of active substances but also reduced the diffusion distance of electrons or ions. As
shown in Figure 7, they analyzed the thickness and chemical composition of the SEI
film carbon nanobelt arrays decorated with carbon-layer-coated metallic Bi nanospheres
(Bi@C⊂CFs) in the two matrix electrolytes of dimethyl ether-based (DME) and ethylene
carbonate (EC)/diethyl carbonate (DEC)-based by ex-in situ HRTEM and XPS. Figure 7a,e
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show HRTEM images of the anodes after 20 cycles in the DME-based and EC/DEC-based
electrolytes, respectively. In the DME-based electrolyte, the SEI film is homogeneous, and
the main component is RCH2ONa (Figure 7b–d). In the EC/DEC-based electrolyte, the SEI
film is thick and uneven, and the main component is ROCO2Na, which easily decomposes,
resulting in the increased thickness of the SEI film (Figure 7f–h). The alloying/dealloying
models of Bi in a sodium-ion battery are shown in Figure 7i. The Bi@C⊂CFs material
shows excellent electrochemical properties, an outstanding performance of 305 mAh g−1 at
5 A g−1 past 5000 cycles, an outstanding capacity of 308.8 mAh g−1 at 80 A g−1; good cycle
performance provides the possibility for commercial applications.

 
Figure 6. (a) GITT curve of BHCS-1200. (b) DNa+ of BHCS-1200 and HCS-1200. (c) Operando XRD
patterns of BHCS-1200 at 30 mAh g−1 [101] (copyright The Royal Society of Chemistry 2022).

Wang et al. synthesized phosphorus-doped hollow carbon nanorods (P-HCNs) with
a phosphorus content of 7.5% via a one-step method [104]. The P-HCNs showed a high
capacity of 260 mAh g−1 at 1.0 A g−1 after 500 cycles and high ICE (73%). The mechanism
of different contents of phosphorus on the structure of hard carbon was investigated by
XRD, XPS, and Raman spectrum techniques. Li et al. obtained several phosphorus-doped
hard carbon materials by directly calcinating phospho-solidified epoxy resin under various
temperatures. They analyzed the evolution of the microstructure and groups containing
phosphorus as well as the sodium-storage properties with increases in temperature [105].
By raising the carbonization temperature, the phosphorus groups of P-O and P-C become
P-P bonds with higher activity, and the layer spacing presents a non-monotone upward
trend. The increase in active phosphorus groups and the increase in layer spacing are
conducive to providing more sodium-ion transport channels and active sites. With a high
capacity of 379.3 mAh g−1 at 100 mAh g−1, and the outstanding rate performance was
as high as 158.1 mAh g−1, with long cycle stability over 6500 cycles at 5.0 A g−1 and
nearly no capacity loss. Yan et al. used ordinary PCl3 and C6H12 as the phosphorus
and carbon sources to successfully establish a nitrogen-bulking anaerobic reaction system
and simultaneously realized carbonization and in-situ P doping [106]. In the synthesized
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hard carbon material, the mass fraction of phosphorus reached 30%, which was higher
than previously reported phosphor-doped carbon material, and the phosphorus atoms
replaced the carbon atoms embedded in the lattice. The adsorption energy of the sodium
ions and intercalation spacing increased significantly. There was a reversible capacity
of 510.4 mAh g−1 with a rate performance of 397.1 mAh g−1 at 10 A g−1 at a working
voltage of 0.54 V. Huang et al. used tannic acid (TA) and amino acid as a carbon source to
synthesize a high proportion of active nitrogen-doped hard carbon (PTA-Lys-800) [107].
The electrochemical performance of the PTA-Lys-T//Na cell is shown in Figure 8. The first
3 cycles of the CV curve shown in Figure 8a is the PTA-Lys-800 at 0.2 mV s−1. Under a scan
speed of 0.2 mV s−1 for the first three cycles, the CV curve of PTA-Lys-800 can be seen in
Figure 8a. A region of irreversible regions appears between 0.01 V and 0.65 V due to the
formation of the SEI film. In the subsequent cycles, the curves almost coincide, showing
that PTA-Lys-80 has excellent reversibility.

Figure 7. (a) HRTEM images of the Bi@C⊂CFs after 20 cycles in DME-based (a) and EC/DEC-
based (e) electrolytes. (b–d,f–h) The high-resolution XPS spectra of C, O, and F for Bi@C⊂CFs with
EC/DEC-based and DME-based electrolytes after cycles. (i) Reaction mechanism of Bi in charge and
discharge process [103] (copyright Wiley 2022).

Figure 8b shows the GCD curves of the sodium-ion batteries when the voltage is
0.01–3.0 V. It can deliver 318.3, 504.0, and 715.4 mAh g−1 at initial discharge, while the
initial charge capacities are 591.1, 504.0, and 715.4 mAh g−1 for PTA-Lys-900, PTA-Lys-
800, and PTA-Lys-700, respectively. The ICE is 55.2, 51.3, and 53.8%. The PTA-Lys-800
delivered excellent cycling performance, with a high reversible capacity of 338.8 mAh g−1

at 100 mA g−1 after 100 cycles and a capacity retention rate of over 85% (Figure 8c). The
PTA-Lys-800 electrode delivered an outstanding rate performance (Figure 8d). The PTA-
Lys-800 electrode showed a high reversible capacity of 131.1 mAh g−1 after 5000 cycles at
4 A g−1, demonstrating that the long-term cycling stability of PTA-Lys-800 is better than
the TA-800 electrode (Figure 8e). The number of active sites can be increased by simple
heteroatom doping to enhance the storage capacity of sodium ions. The sodium-ion battery
anode materials designed by single-atom doping have high capacity and excellent cyclic
stability, but further studies are needed to understand the mechanism more deeply.
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Figure 8. (a), CV curve of PTA-Lys-800. (b) The GCD curve of PTA-Lys-800 at 100 mA g−1. (c) Electro-
chemical stability of PTA-Lys-800 at 100 mAh g−1. (d) Rate performance of PTA-NHCS-T. (e) Cycling
performance of PTA-Lys-800 and TA-800 at 4 A g−1 [107] (copyright Wiley 2022).

3.2.3. Electrolyte Optimization

Niitani et al. confirmed that all-solid sodium-ion batteries with a hard carbon an-
ode and a sodium carborane electrolyte (Na (CB9H10)0.7(CB11H12)0.3) have excellent fast-
charging performance and verified that (Na (CB9H10)0.7(CB11H12)0.3) has good plasticity
through experiments [8]. By generating a thin oxide layer to establish a tight, stable connec-
tion between the electrolyte and electrode interface, reducing the interface impedance of
the active material load of hard carbon to 5.8 mg cm−2 (0.68 Ω cm−2 at 0.1 V vs. Na+/Na),
the full battery has an area capacity over 1 mAh cm−2 for 5 min. Yu et al. designed a
homotype heterojunction using hard carbon to generate a steady, solid electrolyte interface,
effectively increasing the ICE by 16.4% [58]. A simple surface engineering strategy was
used for the construction of a homogeneous amorphous Al2O3 layer using HC, which
shielded the active site. Finally, electrolyte decomposition and adverse factors were slowed
down by inhibiting the decomposition of NaPF6 in ether-based electrolytes and reducing
the accumulation of NaF, forming a thin and dense solid electrolyte interface to reduce in-
terface impedance, improving not only the ICE but also the storage capacity of sodium ions.
The optimized reversible capacity of the hard carbon anode occurred at 321.5 mAh g−1 at
50 mA g−1. After 2000 cycles at 1 A g−1, the capacity retention rates of the optimized hard
carbon and untreated hard carbon were 86.9% and 52.6%, respectively. Ma et al. used hard
carbon to study the relationship between SEI films and sodium-ion storage performance
and found that a good SEI film is not directly related to its components, such as NaF and
Na2O [108]. However, the fine structure arrangement of the components of a nano SEI film
is the basis for achieving fast sodium-ion storage and a stable interface for a “good” SEI
film. A double-layer SEI film composed of the inner layer of inorganic matter and the outer
layer of organic matter has a long cycle life and outstanding rate performance. The SEI
membrane is the gateway for sodium ions from the electrolyte to the electrode. In order
to transform the crystal structure of the hard carbon surface using a cylindrical solvent
and play the role of “pseudo-SEI”, a 1 M NaPF6

− inTEGDME electrolyte is used, which
also facilitates the fast and stable storage of sodium ions, with an excellent performance of
192 mAh g−1 at 2 C and a cycle stability of 1100 cycles at 0.5 C. The interface stability of hard
carbon materials over long-term cycles is poor. The continuous accumulation of electrolyte
decomposition substances will seriously increase the interface impedance and sharply
decrease the discharge capacity. Zhang et al. used n-phenyl bis (trifluoridemethansulfon-
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imide) as an electrolyte film-forming additive, and could effectively improve the long-cycle
performance of the hard carbon negative electrode of sodium-ion batteries, making the
cyclic stability of half-batteries increase from 0% to 50% after 500 cycles, and the improved
interphase stability makes the capacity retention rate of the whole battery increase by
52% after 100 cycles [109]. Jin et al. designed a non-flammable local high concentration
electrolyte for highly reversible sodium-ion batteries [110]. Through high-resolution cryo-
TEM, it was found that an extremely thin but solid interface layer was formed on the
positive electrode surface, which could inhibit the transition metal dissolution and reduce
the structural changes on the electrode surface. The formation of a solid electrolyte inter-
face rich in inorganic substances on the hard carbon surface can reduce the side reactions
between hard carbon and an electrolyte. These stable interfaces ensure the high coulombic
efficiency and long-cycle stability of the hard carbon negative electrode, with a capacity of
247.9 mAh g−1 after 500 cycles and a capacity retention rate of 94.8%. Lohani et al. formed
a thin, dense SEI film on the surface of hard carbon by directly contacting hard carbon
that was moistened with a vinyl carbonate electrolyte with sodium metal [111]. During
incubation, the hard carbon negative electrode was partially passivated by a thin SEI film.
This sodium-ion cell had a first-cycle coulombic efficiency of 97% and provided a stable
area capacity of 1.4 mAh cm−2 at 0.1 mA cm−2 at a current rate of 0.1 mA cm−2, showing
excellent rate capacity. With a high current density of 0.5 mA cm−2, the initial capacity of
1.18 mAh cm−2 was maintained, and excellent cycling stability was achieved with 1.0 mAh
cm−2 after 500 cycles. Dong [112] found that the sodium storage performance of a hard
carbon (HC) anode in ether electrolytes is higher and more effective than conventional ester
electrolytes. The experiment results confirm that the resistances originated from the charge
transfer (Rct) and SEI film (RSEI) in EC/DEC-based electrolytes are both higher than those
in DEGDME-based electrolytes, that is, 137.1 Ω versus 64.36 Ω for Rct and 111.6 Ω versus
23.93 Ω for RSEI, respectively. Therefore, these results imply the facilitation of Na storage
kinetics in the DEGDME-based electrolyte. Zeng et al. constructed a discontinuous SEI
film on a hard carbon negative electrode by regulating NaPF6 in an ether-based electrolyte
according to the storage mechanism of sodium ions in the low-pressure range, including
the co-embedding of sodium ions into the carbon layer and the desolating sodium ions
into the hole of the carbon [113]. The discharge capacity was 459.7 mAh g−1 at 0.1 C, and
the capacity was 357.2 mAh g−1 at 1 C after 500 cycles, with both being higher than other
electrolytes. Hou et al. directly demonstrated the internal relationship between solvent
structure and electrochemical reaction by controlling the anions in the solvent shell, which
determined the storage kinetics of the sodium ions and the SEI membrane’s evolution
process [114]. The results showed that the weak coulomb interaction between Na+ and
PF6

− could improve the transport volume and storage kinetics of Na+ in liquid. PF6
− is

induced to preferentially reduce and promote the addition of the additive into the solvated
structure to form a thin, compact, protective, and layered form of SEI. Excellent SEI can
effectively protect the anode, inhibit solvent decomposition, and improve battery perfor-
mance. As expected, the 5 Ah Na3V2(PO4)3 hard carbon pouch cells with a well-matched
PF6

−-based electrolyte showed a high specific energy of 129 Wh kg−1, a superior capacity
retention rate of 90% at 5 C after 700 cycles. The electrolyte plays an important role in the
transfer of sodium ions between the anode and cathode. A thin and dense SEI film can be
formed via an ether-based electrolyte, which can enhance the rate capacity of a sodium-ion
battery with mixed ester-based electrolytes, although efforts have been made recently to
develop advanced electrodes and electrolytes. Simultaneously, one of the key components
of sodium-ion batteries is the separator [115].

Kang et al. induced a thin and compact SEI by a functionalized separator with an sp2

carbon conjugated-covalent organic framework (sp2 c-COF). A NaF-rich SEI can be gener-
ated by using a COF separator to destroy the structure of NaPF6 in the electrolyte. With
a current density of 20 mA cm−2, the Na|COF|Na symmetric cell exhibits stable cycling
stability over 1500 h, and the cell presented excellent rate performance (50C) and outstand-
ing cycling stability over 5000 cycles at 10 C [116]. Niu et al. prepared a separator using an
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ether imide (PEI) or polyvinylpyrrolidone (PVP) mixture by immersion phase separation
(Figure 9a). The PEI/PVP separator exhibited high ionic conductivity (1.14 mS cm−1), ex-
cellent thermal stability (over 180 ◦C), and outstanding flexibility and mechanical strength.
The carbon/Na cell showed a high reversible capacity of 119.4 mAh g−1 at 0.5 C and good
cycling performance [117]. Zhou et al. prepared all-cellulose composite (ACC) separators
coated with Zn5(OH)8Cl2·H2O (ZHC) particles (Figure 9b). Batteries benefit from ZHC on
the surface because it promotes sodium-ion passage and improves cycling performance.
The hard carbon/Na cell showed outstanding cycling stability and a high reversible specific
capacity of 315 mAh g−1 at 0.025 A g−1 [118]. Separators are part of sodium-ion batteries
and are proposed to allow for the fast diffusion of sodium ions.

Figure 9. (a), Preparation process of PEI/PVP separators (Copyright, American Chemical Society
2021). (b) Preparation process of ACC separators (Copyright, Elsevier 2021).

Table 1 shows some of the recent keywords related to hard carbon as an anode in
sodium-ion batteries.

158



Molecules 2023, 28, 3134

Table 1. Summary of representative publications on hard carbon as a SIB anode.

Precursor
Temperature

(◦C)
Electrolyte

System

Doped
Heteroatom

(1)/Regular(2)

Current
Density

(mA g−1)

Capacity
(mAh g−1)

ICE
(%)

Cycle
Number

Capacity
Retention
Rate (%)

Ref

hazelnut shell 1400 1 M NaPF6 in
EC/DMC 2 20 342.0 91 100 91 [119]

fungus-treated
basswood 1300 1 M NaPF6 in

DEDM 2 200 175.6 88.2 536 86.4 [120]

sucrose 1300 1 M NaPF6
DEGDME 2 30 282.6 91.2 100 92 [121]

H2C2O4·2H2O 1300
1 M NaClO4
PC with 5%

FEC
1 100 278.0 68.7 100 93.8 [49]

Epoxy phenol
novolac resin 1800 1 M NaPF6 in

DME 2 50
500

480.0
423.2 84.6 1000 92 [122]

trisodium
citrate/ hexam-

ethylenete-
tramine

800
1 M NaClO4
PC with 5%

FEC
2 5000 238.0 84.5 5000 98. 7 [123]

sugarcane
waste-derived 1200

1 M NaClO4
PC with 5%

FEC
2 50 323.6 500 96 [110]

sucrose 1200 1 M NaPF6 in
EC/DEC 2 50

1000
318.0
77.90 97.1 2000 86.9 [58]

C6H12O6·H2O 600 1 M NaPF6 in
EC/DMC

120
1200

109.0
98.2

300
600

80.3
71.8 [124]

Hard carbon 1 M NaPF6 in
EC/DEC 2 400 153.2 84.49 300 94.8 [125]

citrate sodium 800
1 M NaPF6 in
EC/DEC with

5%FEC
1 50

1000
280
193

200
2000

99
115 [126]

(H3BTC) 600 1 M NaPF6 in
EC/DEC 1 5000 305 5000 89.4 [103]

sodium
ligninsulfonate 1200 1 M NaPF6 in

DME 2 20 210 1000 99 [82]
water-soluble

starch 900 1 M NaClO4 in
EC/DEC 2 25

100
343.1
197.8 80.1 200 87.2 [127]

3-aminophenol 1300 1 M NaPF6 in
DEDM 2 2000 344 3000 99.9 [50]

corn starch 1100 1 M NaClO4 in
EC/DEC 2 50 270 50 85.2 [124]

4. Summary and Outlook

Hard carbon, as a material for an anode in a sodium-ion battery, has the characteristics
of high capacity, low cost, and wide distribution, showing great commercial value. Using
hard carbon as the material for the anode of sodium-ion batteries has excellent application
prospects in large-scale energy storage systems. Hard carbon has been commercialized,
which has the advantage of low cost, but also has the problem of low capacity. In order
to increase the value of hard carbon in practical applications, the next goal is to enhance
the capacity of hard carbon. This paper first introduces four different mechanisms of
sodium storage using hard carbon, including the “embedding-adsorption”, “adsorption-
embedding”, “adsorption-insertion-pore filling”, and “adsorption-pore filling” cashier
models. Based on sodium storage mechanism analysis, the problems of poor cycling
performance and first-cycle coulombic efficiency regarding hard carbon materials were put
forward, and three optimization strategies, including structural morphology regulation,
heteroatom doping, and electrolyte regulation, were introduced to solve these problems.
The hard carbon anode materials were analyzed and summarized below.

There are different ways to store sodium when synthesizing hard carbon materials
using different precursors, and the mechanism of storing sodium in the low-voltage region
is controversial. The development of advanced characterization techniques is crucial for
clarifying the storage mechanism of sodium ions in the platform region, and the detailed
storage behavior of sodium can guide the design of hard carbon negative electrodes.

The number of surface defects can be increased by heteroatomic doping, changing
the conductivity of the electrode materials, and expanding the layer spacing of graphite,
which improves the adsorption capacity of sodium ions, but also improves the diffusion
rate, and finally achieves improvements in its capacity and rate performance. Adjusting
the morphology, such as increasing the proportion of closed micropores and reducing
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the specific surface area of hard carbon, can reduce the consumption of sodium ions and
improve the capacity and ICE during the production of SEI film.

An excellent electrolyte can form a dense and thin SEI film on the anode surface
to reduce the impedance of sodium ion diffusion. Simultaneously, the introduction of
additives to reduce side reactions and electrolyte decomposition can improve the stability
of the electrolyte and elevate the cycle stability and rate performance of sodium-ion batter-
ies. Developing biomass-based precursors that are low-cost and abundant resources and
synthesizing hard carbon with a lower defect degree and a small specific surface area are
both conducive to commercializing sodium-ion batteries.
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