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Abstract: Magnesium metal has a high theoretical volume capacity and abundant reserves.
Magnesium ion battery is theoretically secure and eco-friendly. In recent years, magnesium
ion battery has attracted wide attention and is expected to become a competitive energy
storage candidate in the next generation. However, due to the large polarization effect
and slow migration kinetics of magnesium ions, magnesium ions are hard to insert/desert
in cathode materials, resulting in a poor cycle and rate performance. CoHCF, a typical
Prussian blue analog, has an open frame structure and double REDOX sites, and it is
regarded as a candidate for rechargeable ion battery. Herein, a Ni-doping method was
utilized to improve the performance of CoHCF. Compared with the original CoHCF, the
maximum specific discharge capacity of the Ni-doped CoHCF at 50 mA/g charging and
discharging current increased from 70 mAh/g to 89 mAh/g, and the cyclic performance
and rate performance improved. These improvements result from the fact that the electrode
reaction process of Ni-doped CoHCF changes from diffusion-driven to reaction-driven. The
Ni-doped CoHCF is more stable, and the lattice changes during Mg2+ (de-)intercalation are
smaller. This study can provide a reference for the development of Prussian blue analogs
as cathode materials for magnesium ion batteries.

Keywords: magnesium ion batteries; Prussian blue analogs; cathode materials; electro-
chemical performance

1. Introduction
In recent years, magnesium ion batteries (MIBs) have attracted great attention from

researchers, and they are expected to become a competitive energy storage candidate in
the next generation. This is because MIB has two outstanding advantages. First, magne-
sium metal has a high theoretical volume specific capacity (3833 mAh/cm3), low standard
potential (−2.37 V vs. SHE), and an abundant reserve. Second, MIB does not form den-
drites on the surface of anodes during charging and discharging, and it is friendly to the
environment [1–6]. However, compared with lithium ion, magnesium ion has a stronger
polarization effect, and it is more difficult for magnesium ion to reversibly (de-)intercalate
in an electrode. At present, it is difficult to make MIB achieve a better rate performance and
cycle stability [4]. Therefore, the development of high-performance cathode materials has
become one of the key tasks for new MIBs [5]. So far, the main materials used as cathode
materials for MIBs are transition metal sulfides [7–10], transition metal oxides [11–15],
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olivine type [16,17], NASSICON type [18,19], Prussian blue analogs, etc. Among these
cathode materials, Prussian blue analogs (PBAs) are selected as cathode materials for MIB
due to their high electrochemical window, large open frame structure, and low cost [20–27].

PBAs are a kind of metal–organic framework (MOF) material formed by bridging
transition metals through carbon and nitrogen triple bonds. The structure of PBAs
is shown in Figure 1. Generally, the chemical formula of PBAs can be written as
AxM1[M2(CN)6]y•□1−y•zH2O, where A represents alkali metal elements (such as Li,
Na, K, etc.), M1 and M2 are transition metal elements adjacent to N and C atoms, re-
spectively, and □ is the vacancy of [M2(CN)6]n−. M1 is in a low-spin state, while M2 is
in a high-spin state. The spatial structure of PBAs can generally be seen as an alternat-
ing composition of two octahedral structures, M1N6 and M2C6 (when M1 and M2 are
6-coordination transition metal elements) [28–31]. According to whether M1 participates in
a REDOX reaction during a charge and discharge, it can be divided into two categories:
one is transition metal elements represented by Fe, Co, Mn, etc. These elements participate
in the REDOX reaction and provide about half of the specific capacity of a charge and
discharge [32–34]. The other type is the transition metal elements represented by Zn, Ni,
Cu, etc. These elements do not participate in the REDOX reaction and, thus, do not provide
a specific discharge capacity but may participate in the transmission of electrons in the
cathode material [35], thereby improving the rate performance and cycle performance of
the battery. Therefore, the element type of transition metal M1 affects the performance of
PBAs as cathode materials for ion batteries.

Figure 1. Structural model of Prussian Blue Analogs (PBAs).

Cobalt hexacyanoferrate (CoHCF) is a two-electron reactive PBA with a high theo-
retical specific capacity (169.6 mAh/g) [32]. However, the structure of CoHCF is prone to
collapse during a charge and discharge, especially in charge and discharge cycles with a
high current density, resulting in poor cycle stability and rate performance. The reasons
for this phenomenon are as follows. First of all, Fe(CN)6 vacancies are formed easily in
the CoHCF preparation process, resulting in the reduction of the whole structural stability.
Secondly, as a two-electron REDOX cathode, CoHCF undergoes at least two stages of
physicochemical changes during charging or discharging, resulting in greater structural
changes. Based on the above factors, the magnification performance and cycle stability of
CoHCF as the cathode material of ion batteries are poor. In order to solve this problem, the
commonly used method is to improve the crystallinity and structural integrity of CoHCF
by reducing the vacancy generation in the synthesis process of CoHCF, so as to improve
the magnification performance and cycle stability of CoHCF. For PBAs, the main method
to reduce the Fe(CN)6 vacancies is to add chelating agents such as sodium citrate in the
process of precipitation. The chelating agents can not only slow down the growth process,
but also improve the crystallinity of the product and reduce the generation of vacancies [36].
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At the same time, adding excessive alkali metal ions in the synthesis process to promote
the charge balance can also effectively reduce the generation of Fe(CN)6 vacancies [37].
In addition to the above methods of precipitation, CoHCF with a low defect can also be
obtained by electrospinning [38], co-precipitation-assisted electrochemical synthesis [39],
and other methods. In addition to reducing the vacancy formation of the product during
the synthesis process, a modification of the macroscopic or microscopic structure of CoHCF
can also improve the magnulation performance and cycle stability such as the synthesis of
the core-shell structure [40] and assist synthesis with ZIF-67 as the precursor template [41],
etc. As a transition metal element, Ni does not participate in the REDOX reaction during a
charge and discharge, but it participates in the electron transport process. The electronic
conductivity of CoHCF can be improved by the Ni-doping method so as to improve the
electrochemical performance of CoHCF as a cathode material for magnesium ion batteries.

In this work, in order to solve the problem of the low cycle stability and rate perfor-
mance of CoHCF as an MIB cathode material, CoHCF was modified by the Ni-doping
method. CoHCF and Ni-doped CoHCF were synthesized by a one-step precipitation
method. The structural differences between CoHCF and Ni-doped CoHCF were analyzed
by structural characterization, and the electrochemical properties of different CoHCFs as
an MIB cathode material in a Mg(TFSI)2/AN electrolyte were studied.

2. Materials and Methods
2.1. Material Preparation

Both CoHCF and Ni-doped CoHCF were prepared by a one-step precipitation method.
For CoHCF, cobalt nitrate hexahydrate (Aladdin, Shanghai, China, 99.99%) and sodium
citrate hydrated (Tianjin Zhiyuan Reagent Co., Ltd., Tianjin, China, AR) were added to
deionized water at a molar ratio of 1:1 (denoted as solution A) and magnetically stirred
for 30 min in a water bath at 50 °C. Sodium ferrocyanide decahydrate (Tianjin Berens
Biotechnology Co., Ltd., Tianjin, China, AR) and sodium chloride (Chongqing Chuandong
Chemical (Group) Co., Ltd., Chongqing, China, AR) were added to 100 mL deionized water
at a molar ratio of 1:5 (denoted as solution B) and stirred evenly in a water bath at 60 °C.
The molar ratio of hydrated cobalt nitrate to sodium ferrocyanide decahydrate was 1:1.
After solution B was stirred evenly, solution A was slowly added to solution B, being stirred
with the glue head dropper. After the drip was finished, solution A and solution B were
mixed at 60 °C and continued being stirred for 12 h. After stirring, the mixture of solution
A and solution B was left to settle at room temperature for 12 h. The obtained sediment was
separated by centrifuge and washed three times with water and alcohol continuously, and
then dried in a 60 °C drying oven for 12 h. After being dried, the final product was used as
the active substance of the battery cathode material. Ni-doped CoHCF was modified by
the original CoHCF synthesis method. The configuration method of solution A was that
cobalt nitrate hexahydrate, nickel nitrate hexahydrate (Chengdu Chron Chemicals Co., Ltd.,
Chengdu, China, AR), and sodium citrate were dissolved in deionized water in a molar
ratio of 3:2:5, and other steps were the same. The chemical equations for the synthesis of
the two types of CoHCF can be expressed as follows:

xNa+ + yM2+ + (x + 2y)Fe(CN)6
4− → NaxMy[Fe(CN)6]x+2y

Herein, M represents Co or Ni.

2.2. Material Characterization

The X-ray diffraction (XRD) data of cathode materials were obtained by PANalytical
X’pert powder X-ray diffractometer (XRD, PANalytical B.V., Almero, The Netherlands).
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The morphology and microstructure of the samples were observed by a JSM-7800-type field
emission scanning electron microscope (FESEM) produced by JEOL (Tokyo, Japan). An
ESCALAB250Xi X-ray photoelectron spectrometer (XPS, Thermo Fisher Scientific, Waltham,
MA, USA) was used to analyze the elemental composition and valence states of the sam-
ples. The molecular structure of the cathode material samples was analyzed by Nicolet
iS50 Fourier transform infrared spectroscopy (FTIR, Thermo Fisher Scientific, Waltham,
MA, USA).

2.3. Electrochemical Measurement

CoHCF and Ni-doped CoHCF were used as active substances in the cathode of CR2032
coin cell, and their electrochemical properties were evaluated by a battery testing system.
The cathode was obtained by mixing 60 wt.% cathode material (CoHCF or Ni-doped
CoHCF) with 30 wt.% conductive carbon black (conductive agent) and 10 wt.% binder
(polyvinylidene fluoride, PVDF) on the carbon cloth collector. The anode was coated with
80 wt.% activated carbon mixed with 10 wt.% conductive carbon black and 10 wt.% binder
on the copper foil collector. The active substance, conductive agent, and binder were
ground evenly with an agate bowl. An appropriate amount of N-methylpyrrolidone was
added to the powder obtained after grinding; it was stirred evenly with a magnetic stirrer
to form a paste; and then it was applied to the current collector. After drying at 100 °C
for 10 h and evaporating N-methylpyrrolidone to dryness, the electrode coated with the
active substance was obtained. The carbon cloth needed to be ultrasonically cleaned in
a mixed solution of water and alcohol (volume ratio 1:1) for 5 to 6 min and then dried
before it could be used. The mass of the active material was approximately 1 to 1.5 mg. The
CR2032 cells were assembled or disassembled in a glovebox filled with argon gas. NEWARE
CT-4000 (Shenzhen, China) was used to collect galvanostatic charge–discharge data. Cyclic
voltammetry (CV) curves were collected by a CHI660E electrochemical workstation (CH
Instruments, Inc., Bee Cave, TX, USA).

3. Results
3.1. Structural Characterization of CoHCF and Ni-Doped CoHCF

XRD was used to characterize the phase of the two CoHCF materials, as shown in
Figure 2. It can be seen from the XRD patterns of the two materials that the peaks (220)
are split into two crystal faces: (220) and (2-20), indicating that the crystal structure of the
two CoHCF is monoclinic and both spatial configurations are P211/n. In the PBAs lattice,
when M1 and M2 are both discharged states, the attraction of M1 and M2 to surrounding
anions (such as CN-) is weakened due to their low valence states. At the same time, the
lattice expands at the insertion of metal ions, and the crystal face of (220) splits into two
crystal faces; the PBAs in this case are usually monoclinic. When both M1 and M2 are in
charged states, the valence states of M1 and M2 rise, the attraction to surrounding anions is
strengthened, metal ions in the gap are removed, the lattice shrinks, and the split crystal
faces are regrouped into a group of crystal faces and become cubic or tetragonal phases [32].
At the same time, from positions (200) and (400) of the two CoHCF, it can be seen that
compared with the undoped CoHCF, the diffraction peak position of CoHCF after adding
Ni shifts to the right, indicating that the lattice constant of Ni-doped CoHCF is smaller than
that of CoHCF. In order to evaluate the degree of Ni doping, EDS tests were performed
on Ni-doped CoHCF using scanning electron microscopy, and the results are shown in
Figure 3. It can be seen from the figure that the distribution of cobalt and nickel in Ni-doped
CoHCF is relatively uniform, and there is no obvious element segregation. This result
proves that Ni is uniformly dissolved in CoHCF.
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Figure 2. XRD patterns of CoHCF and Ni-doped CoHCF. (a) Total images, (b) local region of 16–18
and 34–36 degrees.

Figure 3. SEM and EDS result of Ni-doped CoHCF.

FTIR tests were carried out to further observe the detailed molecular structure and ma-
terial composition information of the two CoHCF materials, as shown in Figure 4. For PBAs,
the absorption peaks at about 2080 cm−1 and 594 cm−1 in the infrared wavelength band are
related to C≡N and its surrounding coordination environment, while the absorption peaks
at about 1620 cm−1 and 3430 cm−1 are related to the presence of water molecules in HCF. In
normal circumstances, the absorption peak number of the C≡N bond is 2080 cm−1, and the
longer the bond length of the C≡N bond, the smaller the corresponding absorption peak
number [42]. As can be seen from Figure 4, the C≡N bond infrared absorption peak wave
number of the two CoHCFs deviates from the normal value. Compared with CoHCF, the
wave number of the C≡N bond of Ni-doped CoHCF is higher, indicating that the length
of the C≡N bond of Ni-doped CoHCF is shorter. The results of FTIR are in agreement
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with those of XRD, which further indicates that Ni doping can inhibit the lattice expansion
of CoHCF.

Figure 4. FTIR spectra of CoHCF and Ni-doped CoHCF.

XPS tests were performed to determine the types and valence states of the elements
contained in the two CoHCFs. The results are shown in Figure 5. The binding energies
of two Fe2p peaks in CoHCF are around 721.5 eV and 708.5 eV, corresponding to Fe2+2p1
and Fe2+2p3, respectively, and the valence states of Fe are both +2 [43]. At the same time,
the two Co2p peaks are located near 797.5 eV and 781.5 eV in CoHCF, corresponding
to Co2+2p1 and Co2+2p3, respectively. The two binding energy peaks near 798.8 eV and
783.5 eV correspond to Co3+2p1 and Co3+2p3, indicating that there are two kinds of Co
with +2 and +3 valencies in Ni-doped CoHCF [44]. The binding energies of two Fe2p
peaks in Ni-doped CoHCF are around 721.6 eV and 708.9 eV, corresponding to Fe2+2p1
and Fe2+2p3, respectively, and the valence states of Fe are both +2 [43]. At the same time,
two binding energy peaks of Co2p are located near 797.5 eV and 781.6 eV, corresponding
to Co2+2p1 and Co2+2p3, respectively. The two binding energy peaks near 799 eV and
783.5 eV correspond to Co3+2p1 and Co3+2p3, indicating that there are two kinds of Co with
+2 and +3 valence in Ni-doped CoHCF [38]. Ni-doped CoHCF contains a small amount
of Ni, and the binding energy peak at 874.2 eV and 856.7 eV corresponds to Ni2+2p1 and
Ni2+2p3, while the binding energy peak at 876.1 eV and 856.7 eV corresponds to Ni3+2p1
and Ni3+2p3, indicating that the valence states of Ni are +2 and +3 [44]. The full spectrum
of the two CoHCFCs is shown in Figure 5f, and the types of elements possessed by the
two CoHCFCs can be seen from the full spectrum of the two CoHCFCs. Among them,
the Ni-doped CoHCF contains two M1 elements Ni and Co, which is consistent with the
results of EDS in Figure 3. Based on the analysis of the elemental proportion in XPS, the
atomic ratio of Co to Fe in CoHCF is 13.1:11, while in Ni-doped CoHCF, the atomic ratio of
Co, Ni, and Fe is 11.2:5.5:15.8. Therefore, according to the principle of charge conservation,
the chemical formula of CoHCF is Na1.36Co[Fe(CN)6]0.84, and that of Ni-doped CoHCF is
Na1.56Co0.67Ni0.33[Fe(CN)6]0.89.



Batteries 2025, 11, 213 7 of 14

Figure 5. (a,c) XPS spectra of CoHCF Fe2p and Co2p, relatively. (b,d,e) XPS spectra of Ni-doped
CoHCF Fe2p, Co2p, and Ni2p, relatively. (f) XPS spectra of CoHCF and Ni-doped CoHCF.

3.2. Electrochemical Properties of CoHCF and Ni-Doped CoHCF

Galvanostatic charge–discharge tests and CV tests were performed to compare the
differences in the electrochemical properties of the two CoHCFs. Activated carbon was
used as the anode to explore the magnesium storage effect of the two CoHCFs as the
cathode materials in a Mg(TFSI)2/AN electrolyte. The results are shown in Figure 6.
Figure 6a,b show the voltage-specific capacity diagrams of the two CoHCFs at different
cycles at 50 mA/g. As can be seen from Figure 6a, the specific discharge capacity of CoHCF
at the 5th, 10th, and 50th laps is 70 mAh/g, 67 mAh/g, and 46 mAh/g, respectively. At
the same time, two charging plateaus appear at around 1.2 V and 0.9 V, and a discharge
plateau appears at around 0.75 V, although the discharge platform at a high voltage is
very small. It can be seen from Figure 6b that under a current density of 50 mA/g, the
corresponding specific discharge capacities of Ni-doped CoHCF at the 5th, 10th, and
50th cycles are 80 mAh/g, 89 mAh/g, and 60 mAh/g, respectively. At the same time, a
charging plateau appears at around 1.1 V and 0.75 V, and a discharge plateau appears
at around 0.65 V. Figure 6c shows the cyclic charging–discharging diagram of the two
CoHCF cycles of 90 cycles at a rate of 50 mA/g. From the data of 90 cycles of charging
and discharging at a rate of 50 mA/g, it can be seen that the highest specific discharge
capacity of Ni-doped CoHCF reaches 89 mAh/g, and the specific discharge capacity of
the two CoHCFs gradually decreases with an increase in the number of cycles. Figure 6d
shows the magnification performance curves of the two CoHCF under different current
densities (50 mA/g, 100 mA/g, 200 mA/g, 100 mA/g, 50 mA/g). The discharge capacity of
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CoHCF from 50 mA/g to 100 mA/g to 200 mA/g decreases by 26% and 47%, respectively.
For Ni-doped CoHCF, the discharge capacity decreases by 16% and 29% from 50 mA/g
to 100 mA/g to 200 mA/g, respectively. Figure 6e shows the charge and discharge cycle
curves of the two CoHCF cycles for 500 times at a rate of 500 mA/g. It can be seen from
the figure that the initial specific discharge capacity of CoHCF is 17 mAh/g, and after
500 cycles, the remaining capacity of CoHCF is 10 mAh/g. The initial specific discharge
capacity of Ni-doped CoHCF is 47 mAh/g, and the remaining capacity after 500 cycles
is 28 mAh/g. By comparing the two CoHCFs, it can be seen that the rate performance
of CoHCF can be improved by the Ni-doping method. Figure 6f shows the CV curves of
the two CoHCFs at a sweep speed of 0.2 mV/s. As can be seen from Figure 6f, the CV
curve of CoHCF shows two oxidation peaks at 0.91 V vs. AC and 1.2 V vs. AC, and a
reduction peak at 0.72 V vs. AC. The CV curve of Ni-doped CoHCF shows an oxidation
peak at 0.8 V vs. AC and a reduction peak at 0.68 V vs. AC. The position of the oxidation
peak and reduction peak basically corresponds to the charging–discharging plateau of the
charging–discharging curve in Figure 6a. It can be seen from the charging–discharging test
results of two kinds of CoHCF that the Ni-doping method yields a good improvement on
the comprehensive electrochemical performance of CoHCF. Based on the previous analysis
of XPS, when the two types of CoHCF reach the maximum discharge specific capacity, the
discharge equations of the two types of CoHCF can be expressed as follows:

CoHCF:

Co[Fe(CN)6]0.84 + 0.25Mg2+ + 0.5 e− → Mg0.25Co[Fe(CN)6]0.84

Ni-doped CoHCF:

Co0.67Ni0.33[Fe(CN)6]0.89 + 0.3 Mg2+ + 0.6 e− → Mg0.3Co0.67Ni0.33[Fe(CN)6]0.89

Figure 6. Charge/discharge curves for (a) CoHCF, (b) Ni-doped CoHCF at 50 mA/g in different
circles; (c) specific capacity and coulombic efficiency of CoHCF and Ni-doped CoHCF at 50 mA/g
for 90 circles; (d) specific capacity of CoHCF and Ni-doped CoHCF at 500 mA/g for 500 circles;
(e) specific capacity of Ni-doped CoHCF at different current densities; (f) CV curves of CoHCF and
Ni-doped CoHCF at 0.2 mV/s.
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In order to evaluate the dynamic process of the two CoHCFs during charge and
discharge, CV tests at different sweeping rates were performed on the two CoHCFs, and
the results are shown in Figure 7. It can be seen from Figure 7a,b that the peak current of
the two CoHCFs gradually increases with an increase in the sweep speed from 1 mV/s
to 10 mV/s. By separating the capacitance component from the total current response
of the REDOX process, the contribution of the capacitance to the total capacity can be
quantitatively calculated at different scan rates using the following formula:

i = k1v + k2v1/2 (1)

where k1v is the contribution part of pseudocapacitance (electrode reaction), and k2v1/2 is
the contribution part of diffusion control. Divide both ends of the above equation by v1/2

to obtain the following formula:

i/v1/2 = k1v1/2 + k2 (2)

Equation (2) can be viewed as a linear function of i/v1/2 and v1/2, and the values of k1

and k2 can be obtained by linear fitting. The summary results of the capacity contribution
of the two CoHCF positive-electrode materials are shown in Figure 7c. It can be seen from
Figure 7c that the contribution ratio of the pseudocapacitance of the two CoHCFs gradually
increases with an increase in the sweeping rate, but the proportion of the pseudocapacitance
of Ni-doped CoHCF is larger than that of CoHCF. It can be seen from the CV curves of
the two materials at different sweep rates that Ni doping is beneficial to the ion diffusion
process of CoHCF during charging and discharging, and it promotes the electrode reaction.

Figure 7. (a,b) CV curves of two CoHCFs at different sweeping rates (1–10 mV/s). (c) Contribution
rate of pseudocapacitance of two materials at different sweep rates.

To compare the structural changes in the two CoHCFs during charging and discharg-
ing, the two CoHCFs were tested by ex-situ XRD, and the results are shown in Figure 8.
The peak at 18.23° in the figure is the diffraction peak of the binder PVDF. In the ex-situ
XRD test, the diffraction peak changes of CoHCF at 17–19° and 34–37° were characterized,
and the results are shown in Figure 8a. After a charging–discharging cycle, the peak of
CoHCF at about 17.3° (that is, the diffraction peak corresponding to the (200) crystal plane)
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can not return to the original position, and the diffraction peak at (400) also exhibits the
same phenomenon. It can be seen from the above phenomenon that the structure of CoHCF
is not stable, resulting in poor magnification and cycle performance. Similarly, changes in
the diffraction peaks of Ni-doped CoHCF (200) and (400) were characterized, as shown
in Figure 8b. Compared with CoHCF, the diffraction peaks at the beginning and end
of Ni-doped CoHCF return to the original position, and the position change amplitude
before and after charging and discharging is smaller than that of CoHCF, indicating that
Ni improves the structural stability of CoHCF and reduces the lattice change amplitude
during Mg2+ (de-)intercalation. It can be seen from the ex-situ XRD test results that Ni
doping can improve the lattice stability of CoHCF and the degree of structural change
during the charge–discharge process, so as to improve the rate performance and cycle
stability of CoHCF during the charge–discharge cycle.

Figure 8. XRD patterns of CoHCF (a) and Ni-doped CoHCF (b) during charging and discharging
process.

To investigate the changes in the transition metal valence states of the two types of
CoHCF during the charging process, ex-situ XPS tests were performed on both types of
CoHCF. The results are presented in Figures 9 and 10. As shown in Figure 9a, when the
voltage increases to 1.0 V, the Co element in CoHCF undergoes oxidation first, whereas
the majority of Co in Ni-doped CoHCF remains in the +2 oxidation state. These findings
suggest that the REDOX sites of metallic Co in Ni-doped CoHCF exhibit a delayed response.
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From Figure 9b, it can be observed that at a charge of 0.8 V, the oxidation state of Fe in Ni-
doped CoHCF undergoes minor changes. In Figure 10, by analyzing the discharge behavior
of Ni in Ni-doped CoHCF during the charging process, it is evident that the oxidation state
of Ni does not change significantly throughout the entire process. Due to the fact that Ni
does not participate in REDOX reactions, the extent of lattice distortion in CoHCF during
the charging and discharging process is mitigated to a certain degree. Based on these results,
it can be concluded that Ni does not participate in the reaction in CoHCF but rather serves
as the REDOX potential for the transition metal Co. Combining these findings with the
preceding charge–discharge curves, it is clear that for CoHCF, the reaction occurring at 0.9 V
involves the transformation of a +2 valence Co to a +3 valence Co, while the reaction at 1.2 V
involves the transformation of a +2 valence Fe to a +3 valence Fe. For Ni-doped CoHCF,
the reaction at 0.75 V corresponds to the transformation of a +2 valence Fe to a +3 valence
Fe, and the reaction at 1.1 V corresponds to the transformation of a +2 valence Co to a
+3 valence Co. Combining the preceding charge–discharge curves, it can be concluded that
for CoHCF, the reaction occurring at 0.75 V is primarily attributed to the capacity provided
by the reduction of Co from +3 to +2 oxidation states. In contrast, the reaction observed
at 0.65 V in Ni-doped CoHCF is mainly due to the capacity contributed by the reduction
of Fe from +3 to +2 oxidation states. Furthermore, an analysis of the charge–discharge
curves across multiple cycles reveals that the capacity degradation of both types of CoHCF
materials predominantly occurs during the low-voltage discharge phase. Consequently, for
CoHCF, the majority of its capacity originates from REDOX reactions at the Co sites. For
Ni-doped CoHCF, the primary contribution to its capacity stems from REDOX reactions at
the Fe sites. Thus, Ni doping in CoHCF appears to suppress the valence state changes of
Co, enabling the overall charge–discharge process to be predominantly governed by Fe.

Figure 9. XPS spectra of (a) Co2p, (b) Fe2p in two CoHCFs during charging process.
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Figure 10. XPS spectra of Ni2p in Ni-doped CoHCF during charging process.

4. Conclusions
In summary, the performance of CoHCF as a cathode material for magnesium ion bat-

teries was modified by nickel doping in this study. The highest specific discharge capacity
of Ni-doped CoHCF was 89 mAh/g at a current density of 50 mA/g. The initial and final
discharge capacities of Ni-doped CoHCF were 47 mAh/g and 28 mAh/g, respectively, at a
500 mA/g current density, and the cycle performance and rate performance of the CoHCF
were better than those of the traditional one-step precipitation method. The results of the
CV and off-site XRD test at different sweep speeds show that the structural stability of
Ni-doped CoHCF is higher than that of CoHCF. Ni-doped CoHCF has a smaller lattice
change amplitude and higher structural stability during Mg2+ (de-)intercalation. Through
ex-situ XPS testing, it was found that the doping of Ni does not provide REDOX sites, but
it changes the REDOX potential of Co. To sum up, the main roles of Ni in CoHCF are
as follows:

1. Inhibit the lattice expansion of CoHCF;
2. Enhance the diffusion capacity of magnesium ions in CoHCF;
3. Increase the REDOX potential of Co in CoHCF.
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