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Abstract: Magnesium-ion batteries represent promising environmentally sustainable energy-storage
systems with higher energy densities than their lithium counterparts. In this work, the charge storage
mechanisms of the olivine-related compound (Mg 5Nig 5)3(PO4), using Mg2+ and Li* ions were
investigated and compared for the first time when copper was chosen as the current collector. A
comprehensive physicochemical and electrochemical characterization was performed on the pristine
powder and electrodes at different states of charge. Although (Mgg 5Nig 5)3(PO4); is electrochemically
active, it undergoes irreversible conversion reactions in both Mg and Li chemistries. The conversion
reactions proceed with an ionic exchange between structural Ni?* and Mg2+ or Li* cations, which
results in the formation of sarcopside-Mg3(POy),, a Cu-Ni alloy and poorly crystalline Li3POy,
respectively. A capacity of 600 mA h g1 was achieved with a Li metal counter electrode in the Li cell
since the conversion reaction could go to completion. A capacity of 92 mA h g~! was delivered in the
Mg cell using an activated carbon counter electrode. These findings shed light on the fundamental
mechanism of activity in olivine-related compounds, underlining the importance of performing
systematic studies to unveil the complex interactions between both single-valent and multivalent

ions with novel structures.

Keywords: magnesium-ion battery; orthophosphate; olivine-related structure; conversion reaction

1. Introduction

In recent years, research into energy storage systems has shifted to the investigation of
“next-generation” battery chemistries to complement the well-known Li-ion battery (LIB).
Specifically, the limited abundance of critical raw materials, such as cobalt and natural
graphite and burgeoning lithium geopolitics due to the concentration of its reserves in
selected countries [1] combined with inherent safety aspects in the operation of LIBs, has
prompted research into other chemistries, such as sodium (Na*) and multivalent (i.e., Mg?*,
Ca?*, Zn®* and AI%**) ion batteries [2-5]. Among these alternatives, magnesium-based
systems are considered as possible candidates to partially replace Li-ion technologies
since magnesium (Mg) is naturally abundant, non-toxic, recyclable [6] and available at
a relatively low cost. Another advantage of Mg lies in its improved safety since the
Mg?* /Mg plating-stripping process occurs without dendrite formation when low current
densities are used (<1 mA cm~2) [7]. Furthermore, metallic Mg has a high theoretical
volumetric capacity of 3833 mA h cm ™2 due to its di-valent nature and a relatively low
negative standard potential of —2.37 V vs. SHE (standard hydrogen electrode), as well
as a high theoretical gravimetric energy density of 2205 mA h g~! [8-10]. Over the past
decades, the development of cathode structures for Mg-ion batteries (MIBs) has focused
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on sulphides (e.g., Chevrel phase of the type MogSg) [11-13] and transition metal-based
oxides (e.g., V205, MnO,, MoQ3, etc.) [14-21]. However, these materials are plagued
by poor kinetics of diffusion of Mg?* ions which leads to their trapping, low practical
capacities and working potentials, as well as a strong thermodynamic tendency to undergo
conversion reactions [11,22-25]. Following the discovery of the capability of LiFePOy
to host Li* ions [26,27], polyanionic-based cathode materials (e.g., Natrium Super Ionic
CONductor-NASICON, olivine and Prussian blue) have also received attention for use
as active cathode materials in MIBs. Despite their low theoretical gravimetric capacities,
polyanionic compounds are advantageous since they are structurally stable (non-oxygen
releasing) [28], non-toxic, and exhibit relatively high intercalation potentials [26], as well as
high cationic diffusivities [25,29]. Zhang et al. [30] reported attempts to electrochemically
intercalate Mg?* cations into olivine FePO,. However, a discharge capacity of only ca.
12 mA h g~! was obtained at 1.8-1.9 V vs. Mg?*/Mg due to the amorphization of the
surface of the active material [30]. Similar studies on Mg intercalation into NASICON-type
materials, such as Mg 5Tip(PO4)3, have also been performed. It was shown that, despite
the sluggish diffusion, Mg?* guest cations could be accommodated into the framework of
Mg 5Tip(POy)3, resulting in a sloped step in potential in the galvanostatic curve at around
—1.6 Vvs. Ag*/Ag at a current density of 50 pA cm~2 [31].

Despite the extensive investigation into orthophosphates as cathode materials in LIBs,
there is a dearth of studies on the suitability of these materials for use in MIBs. For example,
there are several works reporting on the electrochemical properties of Cuz(POy)> [32],
CuNiy(POy); [33] and Nis(POy); [28] for LIB applications, but no similar studies on their
potential use in MIBs. In LIBs, it has been observed that the intercalation voltage [26,27] and
cycling capability [33] of phosphate-based electrodes are affected by the transition metal
cation in the cathode structure. Zhong et al. [32] reported the electrochemical properties of
crystalline Cug(POy), /C composites, showing that Li* ions can be reversibly intercalated
with a specific capacity of 425 mA h g~! during the first discharge cycle from 4.8 to
1.5V vs. Li*/Li (10 mA g~ as current density). [32] To improve cyclic performance, Zhao
et al. [33] synthesised CuNiy(POy),/C via a solid-state reaction method and substitution of
two Cu atoms in Cuz(POy); with Ni. Electrochemical testing from 3.0 to 1.5 V vs. Li*/Li
showed that when using a specific current of 40 mA g~!, a specific discharge capacity of
400 mA h g~! was attained in the first cycle with 76.5% capacity retention after the first
charge [33]. Ni3(POy4); was investigated by Aziam et al. [28] as a potential conversion
anode for LIBs. The Ni3(PO4),/C composites exhibit a large plateau at 1.5 V vs. Li*/Li
during the first discharge cycle, yielding a final specific capacity of 503 mA h g~! at
0.5V vs. Li*/Li [28].

Considering the Mg chemistry, in a rare study of this kind, Zhang et al. [30] observed
that the discharge of FePOy up to 0.8 V vs. Mg?* /Mg leads to the formation of Mg3(POy,),
and Fe3(POy), via a conversion reaction. This suggests that Mg sFePO,4, which is the
predicted intercalation product of FePOy, is not thermodynamically stable [30]. Therefore,
to address the lack of knowledge in Mg-chemistry, this work is focused on investigating
for the first the mechanism of electrochemical storage (i.e. conversion or intercalation)
of the mixed-cation orthophosphate (Mg 5Nig 5)3(PO4), (MNP), following the success of
olivine and olivine-related phosphates as active materials for LIBs [27,34]. Ni?* charged
species were selected to substitute structural Mg?* cations since the two metals have similar
cationic radii in octahedral coordination (r(Mg?*) = 0.66 A and r(Ni?*) = 0.65A) [35]. This
ensures the stability of the crystal structure of the orthophosphate phase with a shared,
mixed occupation of Mg?* and Ni?*, thereby allowing the preparation of a phase-pure
sample at synthesis conditions [36]. In addition, as observed for LIBs, the use of nickel in
active materials allows greater storage capacities to be achieved [37]. Although MNP has
already been synthesised [36], its use as an active electrode material in LIBs and MIBs has
not previously been proposed. The theoretical specific charge capacity of MNP is calculated
to be 255.7 mA h g~! for the full oxidation of Ni** to Ni**. However, the potentials
required for Mg?* extraction are too high to maintain the stability of conventional Mg-
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based electrolytes and are, thus, likely to result in the decomposition of the active material
itself [38]. This work is therefore focused on unveiling the reduction mechanisms of MNP
active material.

After being synthesised, the crystal structure, chemical composition, and morphology
of MNP active material were thoroughly characterised via diffraction, spectroscopy and
microscopy methods. Electrochemical investigations of the electrode active materials were
performed using both Mg and Li cells since the reaction mechanism and thermodynamic
driving force for the Mg reaction can be better understood when they are compared and
contrasted to those for Li. The cycled electrodes were analysed using X-ray diffraction,
infrared and X-ray photoemission spectroscopies methods (ex-situ approach) to unveil the
reaction mechanisms of MNP. MNP is shown to be electrochemically active in both Mg and
Li chemistries via irreversible conversion pathways, and an alloying reaction between Ni
(from the MNP) and Cu (current collector) was also observed.

2. Results
2.1. Physico-Chemical Characterisation of MNP Pristine Powder

The fitted X-ray diffraction (XRD) profile of the MNP powder is shown in Figure 1a,
with the refined atomic parameters given in Table 1 and the corresponding crystal and
refinement parameters in Table S1 in the Supporting Information (SI). The Rietveld analysis
revealed a relatively high level of purity, with less than 1.0 wt.% of NiO. MNP adopts the sar-
copside structure in space group P2; /c (Figure 1b) with lattice parameters a = 5.8860 (1) A,
b=4.70841(9) A, c =10.1717(2) A and B = 90.777(1)°. Magnesium and nickel ions are dis-
tributed unequally on 2b and 4e Wykoff positions (Mg/Ni(1) and Mg/Ni(2), respectively),
with the 2b site favoured by Ni. The cations located on the 2b sites are surrounded by six
oxygen atoms with bond lengths ranging from 2.07 to 2.09 A. These distorted octahedra
share edges with neighbouring phosphate tetrahedra. The cations located on the 4e sites
are bonded to six oxygen atoms with bond lengths ranging from 2.0 to 2.1 A. However,
these octahedra share only corners with phosphate tetrahedra.

Scanning electron microscopy of the as-prepared powder shows irregularly shaped
micron-sized particles with a non-uniform size distribution (Figure 2a,b). Based on dynamic
light scattering analysis, the average diameter of 50% of particles is 30 um, as shown
in Figure 2c.

The attenuated total reflection Fourier transform infrared (ATR-FTIR) spectrum of
the as-prepared powder is shown in Figure 2d. The high-frequency part of this spectrum
(1200-700 cm™!, v3 + v1) is assigned to the stretching vibrations of the phosphate unit,
whereas the bands between 700 cm ™! and 400 cm ™! (v4 + V) correspond to the bending
vibrations of the P-O bond. Since the tetrahedral (PO4)>~ units are surrounded by NiOg
and MgQOy octahedra in the structure, some changes in the spectrum and a shift of the
modes to lower or higher wavenumbers are expected (influence of non-tetrahedral cations).
Thus, the P-O antisymmetric (v3) and symmetric stretching (v;) bands are located between
1085 and 987 cm ™! and at 909 cm !, respectively. The antisymmetric (v4) and symmetric
(v2) bending modes of the O-P-O angle are identified in the regions 635-531 cm™~! and
471-455 cm ™~ !, respectively [39-42]. The bands in these regions may overlap with the
vibrational modes of the Mg—O and Ni-O bonds [43]. A large splitting of the v3 bands of
the (PO4)% is detected as reported before for other olivine phosphate-based structures [44].
In fact, the type and strength of the chemical bond between oxygen and the transition metal
cation influence the interactions within the phosphate unit. Thus, a higher second ionisation
energy of the transition metal cations in octahedral sites produces a stronger interaction
with the neighbouring P-O bond, leading to vibration patterns at higher frequencies for
the v3 bands of the (PO4)>~ units [44]. Furthermore, the external modes or lattice vibrations
and translations are observed below 400 cm~!. The substitution of Ni** by Mg?* cations
influences the crystal field, thereby activating the P-O symmetric stretching vibration mode
and resulting in the shoulder at 883 cm ! [40].
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Figure 1. (a) Fitted XRD pattern of MNP powder calcined at 1100 °C. Observed (black dots), calculated
(red line), and difference (blue line) profiles are shown. Reflection positions for MNP (violet bars) and
NiO (light green bars) are indicated; (b) crystal structure of MNP: PO,3 tetrahedra (blue), Mg/NiOg
octahedra (green). The unit cell axial directions are indicated.

Table 1. Refined atomic coordinates and isotropic thermal parameters for MNP at room temperature.
Cell dimensions: a =5.8860 (1) A, b = 4.70841 (9) A, ¢ =10.1717 (2) A, B = 90.777 (1)°, space group P21/c.

Atom Site x y z Occ. Uiso (A?)
Ni (1) 2b 0 0 0 0.904(5) 0.0241(6)
Mg (1) 2b 0 0 0 0.096(5) 0.0241(6)
Ni (2) 4e 0.2610(3) 0.5165(6) 0.2234(2) 0.298(2) 0.0241(6)
Mg (2) 4e 0.2610(3) 0.5165(6) 0.2234(2) 0.702(2) 0.0241(6)
P 4e 0.2457(5) 0.0771(6) 0.4042(3) 1 0.0215(9)
o) 4e 0.7714(10)  0.2535(10) 0.1057(6) 1 0.0139(9)
0@ 4e 0.2421(12) 0.3098(8) 0.0447(8) 1 0.0139(9)
0@3) 4e 0.4451(10)  0.1926(10) 0.3261(7) 1 0.0139(9)
O (4) 4e 0.0374(11) 0.2312(9) 0.3398(7) 1 0.0139 9)
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Figure 2. (a,b) SEM micrographs of the as-synthesized MNP powder, with a representative block
shown in (b); (c) Particle size distribution of MNP powder calcined at 1100 °C; (d) ATR-FTIR spectrum
(1200-400 cm 1) of MNP, with the stretching (v3 + v1) and bending (v4 + v2) vibrational bands for
the P-O bond indicated.

X-ray photoemission spectroscopy (XPS) measurements were carried out on the MNP
powder to probe the chemical state of the powder surface. To remove surface impurities,
XPS spectra were collected after etching with Ar ions. The spectra of the main elements (P
2p, O 1s, Mg 2s and Ni 2p) of the MNP powder after Ar etching are shown in Figure 3 as
functions of binding energy. The phosphorous 2p spectrum (light green line in Figure 3a)
exhibited a singlet at 134.6 eV corresponding to the 2p3/2 emission line of phosphorous
in the (PO4)*> units. The observed peak is in good agreement with the peak position for
phosphorous in orthophosphate groups reported by Felker et al. [45]. However, the core
level spectrum of P 2p reveals an additional peak (orange line in Figure 3a) at 130.6 eV,
which was not observed in the non-etched sample (see Figure S1) [45]. This could be related
to a local decomposition of the sample during etching, leading to the formation of P-P
bonds, as reported by Hart et al. [46] and Liu et al. [47]. Figure 3b and c show the O 1s
and Mg 2s spectra with binding energies at around 533 eV and 1305.9 eV, respectively.
For both elements, only one single peak was observed. The O 1s signal corresponds well
with oxygen in orthophosphate units [45], whereas the Mg 2s peak exhibits a small shift to
higher binding energy compared to the data published for the same oxidation state (+2) in
MgO [48,49]. Conversely, the spectrum for Ni results in a complex overlapping of multiple
peaks, which arises from multiple splitting, ligand charge transfer effects, shake-up and
plasmon loss structures contributions [50-52]. As reported in the literature for Niz(POy),,
the Ni 2p XPS spectrum (Figure 3d) shows two edges split by spin-orbit coupling, assigned
to 2p1/2 at 870.3 eV (lilac line in Figure 3d) and 2p3/2 at 854.3 eV (cyan line in Figure 3d),
respectively [53]. Two shake-up satellites for the 2p1/2 and 2p3/2 components are also
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present at 874.6 eV and 857 .4 eV, respectively. Furthermore, the tail of the main peak (2p3/2)
at low binding energies can be assigned to the NiO, consistent with its presence as an
impurity, as seen in the XRD analysis [50,51].
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Figure 3. (a) P 2p; (b) O 1s; (c) Mg 1s; (d) Ni 2p X-ray photoelectron spectra of MNP powder.

2.2. Electrochemical Testing
2.2.1. Preliminary Evaluation of the Electrochemical Activity of MNP

Preliminary electrochemical tests were needed to provide insights into the electrochem-
ical activity of MNP with Li* and Mg?* charged species. In the first step, the slurry of the
MNP active material was cast on aluminium (Al) current collectors. This step allowed us to
evaluate the electrochemical activity of the MNP active material in the high-voltage region,
as Al metal is known to be stable at high potentials in LIB applications due to the presence
of an oxidation layer on the current collector surface [54]. Thus, preliminary electrochemical
cells were assembled, coupling these working electrodes with Li reference electrodes using
a Li-electrolyte (see SI for the composition details). This initial experiment showed that
no significant charge capacity was attained upon oxidation of MNP, as seen in Figure S2.
This lack of charging behaviour may be due to the absence of defects (interstitials and /or
vacancies) in the MNP crystal structure, which prevents the Mg?* ions from migrating
through the crystal structure via hopping mechanisms. During the discharge step, instead,
a voltage profile with a low gradient step was observed between 1.1 and 0.8 V vs. Li* /Li.
This was followed by a plateau at ca. 0.2 V vs. Li* /Li. The latter potential plateau may be
related to the formation of Al-Li alloys during the reduction reaction [54], although this
electrochemical event was not further investigated in this work. The first sloping plateau,
however, indicates that MNP shows electrochemical activity with Li* at lower potentials.
Therefore, to further investigate the charge storage mechanisms using Mg?* and Li* charge
carriers, the MNP active material was coated onto Cu metal, as this current collector is
preferred at lower working potentials. Since MNP is primarily being investigated for its
electrochemical activity with Mg?*, the experimental results for the cells with Mg-based
electrolytes are presented below first, followed by those for Li-based electrolytes.
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2.2.2. The Electrochemical Activity of MNP with Mg?* Ions

To overcome the passivation issues associated with the use of Mg metal in the presence
of most commonly used electrolytes [55,56], activated carbon (AC) was used as the counter
and reference electrode with the Mg-electrolyte (see SI for the composition and experimental
details). The voltage window between —2.4 and —0.8 V vs. AC was selected for the
investigations according to the results of cyclic voltammetry (Figure S3), as irregular effects
were observed on the cyclic voltammetry (CV) curve of MNP at an onset potential of —0.7 V
vs. AC. Similar effects were also measured when bare Cu metal was used as the working
electrode. Without additional investigations, it was therefore assumed that these artefacts
occurred due to an interaction between Cu and the electrolyte at potentials higher than
—0.8Vvs. AC.

The discharge profile at a specific current of 2 mA g~! is characterised by a slope
change at around —1.7 V vs. AC, followed by a steady decrease in cell potential. A practical,
specific capacity of 92 mA h g~! was attained on discharge up to —2.4 V vs. AC (Figure 4).
However, during charging up to —0.8 V vs. AC, the practical capacity of the electrode
active material drops to 19 mA h g~!. Even when a constant voltage step was used in
the charge cycle with a current limitation set to 10% of the initial charge current, only a
minimal additional capacity of 0.6 mA h g~! was recovered on charge (Figure S4). These
low capacities may be due to the high overpotentials which accompany the conversion
reaction, which hinder the kinetics of magnesium extraction. In addition, it has already
been observed that, due to the absence of defects (interstitials and/or vacancies) in the
original MNP crystal structure, Mg?* ions are hindered in their migration through the
crystal lattice, which would also result in high overpotentials for the charge reaction.

-0.4

T

-1.2

-1.6 1

Potential [V] vs. AC

-2.0

-2.4 ) T T T T T T T T
0 20 40 60 80 100

Specific capacity [mA h g]

Figure 4. First discharge (orange line) and charge (purple line) galvanostatic curves for MNP cycled
against activated carbon with Mg-electrolyte using a specific current of 2 mA g~! as a measure of the
intercalation rate.

To understand the potential charge storage mechanisms of MNP with Mg?*, ex-situ
XRD and ATR-FTIR analyses were performed on the MNP working electrodes in the
discharged and charged states. For these investigations, cells were discharged up to
—2.4V vs. AC, whereas cells in the charged state were first discharged up to —2.4 V and
then charged to —0.8 V vs. AC. The extent of the magnetisation reaction was also evaluated
by ex-situ XPS analysis using the fully discharged MNP working electrode as the probe.
Multiphase The measured XRD patterns of the pristine (Figure 5), discharged (Figure 6a)
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and charged (Figure 6b) working electrodes were refined with the Rietveld method in order
to investigate the bulk interaction between Mg?* cations and the MNP active material.
All patterns are dominated by peaks arising from the Cu current collector, which show
preferred orientation due to the rolling of the Cu foil [57]. Table 2 summarises the active
phase information derived from the Rietveld analysis. Crystal and refined parameters
are tabulated in Tables S2 and S3. In the pristine electrode, Mg,P>,0O; was detected as
an impurity in the active material, suggesting some instability of the MNP under the
electrode processing conditions, which results in the partial decomposition of the MNP
active material into the more thermodynamically stable Mg,P,Oy phase, as reported by
Magnusson et al. [58] for the Cup;P,O7-Cus(POy); system. However, MgP>,O7 was only
detected as a minor phase with 3.68 wt.%, which is close to the detection limit of the
technique and therefore, little can be concluded about its presence in the diffraction pattern
of the pristine electrode.
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Figure 5. Fitted XRD pattern of the pristine MNP active material electrode. Observed (black dots),

calculated (red line), and difference (blue line) profiles are shown. Reflection positions for MNP

(violet bars), Cu (orange bars) and Mg,P,Oy (grey bars) are indicated.

Rietveld refinement of the XRD pattern, shown in Figure 6a, indicates that an MNP-
type phase is retained after the discharge step. A second sarcopside type phase (ca. 7 wt.%
of the active material), with 4.4% greater volume than that of the pristine MNP phase, is
also observed. This phase is tentatively attributed to the sarcopside-Mgs(POy4), type phase
(in space group P2;/c) previously identified by Annersten et al. [59] as a high-pressure
phase existing at 3 GPa. Additionally, the peaks associated with the current collector
show asymmetry and broadening after the discharge step. The results are consistent with
the extrusion of Ni?* cations from the octahedral sites of the pristine MNP lattice under
electrochemical conditions to form Mg-rich phases along with the formation of a Cu-Ni
alloy phase, as reported by Gulyaev et al. [60] Hence, the reaction can be summarised as:

(Mg0.5NiO.5)3(PO4)2 + 3x Mg2+ +6xe + yCu — (Mg0.5+XNiO.5_x)3(PO4)2 + Ni3xCuy (1)

The formation of sarcopside-Mgs(POy), therefore corresponds to x = 0.5 in reaction 1,
while the Mg-rich MNP phase corresponds to a lower value of x. The theoretical specific
capacity associated with this reaction is 255.7 mA h g~! (corresponding to x = 0.5). The
observed specific capacity of 92 mA h g~! however, indicates that an x-value of 0.177 was
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attained. On charging (Figure 6b), the sarcopside-Mg3(POy), is lost, but the Cu-Ni alloy is
retained along with the MNP-type phase. This suggests that after extrusion, Ni** does not
re-enter the active material as it is trapped in the Cu current collector, and on charging, the
MNP phase remains rich in Mg.
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Figure 6. Fitted ex-situ XRD patterns of MNP active material electrodes: (a) discharged up to —2.4 V
vs. AC and (b) charged up to —0.8 V vs. AC using Mg-electrolyte. Observed (black dots), calculated
(red line), and difference (blue line) profiles are shown. Reflection positions for MNP (violet bars),
Cu (orange bars), Cu-Ni species (blue bars), sarcopside-Mg3(POy), (dark yellow bars) and Mg, P,O7
(grey bars) are indicated.
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Table 2. Summary of results from Rietveld analysis of ex-situ XRD patterns for the MNP active
material cycled at different states of charge in Mg-electrolyte using AC as the counter electrode.
Estimated standard deviations are given in parentheses.

Potential . o
[V vs. AC] Phases Lattice Parameters Cell Volume Rwp Wt.%
a=5.8809(2) A
(Mgo5Nig5)3(PO4)2, b=4.7060(3) A A3
P2, /c ¢ =10.1656(5) A 281.31(3) A 4271
B =90.800(3)°
pristine a=6.720(4) A 0.0226
b=28347(5) A i3
Mg, P,07, P2, /¢ C=9.032(5) A 464.9(2) A 3.68
B =113.40(4)°
Cu, Fm—3m a=3.61438(8) A 47.217(3) A3 53.61
1 =5.8699(6) A
(Mgo.5Nig.5)3(PO4)2, b =4.6995(5) A i3
P2;/c ¢=10.150(1) A 279.96(1) A 96.56
B =90.76(1)°
a =5.844(6) A
Sarcopside-Mg3(POy),, b =4.770(6) A 293.7(4) A3 447
oy P2, /c c=10.54(1) A 0.0346
' B =91.80(9)° :
a=6.734(8) A
b=8.333(9) A -
Mg2P207, P21/C c= 901(1) A 4646(4) A 4.53
B =113.21(8)°
Cu, Fm—3m a=36118(2) A 47.12(1) A3 25.36
Cu-Ni, Fm—3m a=3.6047(3) A 46.84(1) A3 9.08
a=5.8852(5) A
(Mgo.5Nio.5)3(POy4)2, b=47120(4) A A3
P2, /e ¢ =10170909) A 282.03(6) A 56.94
B =90.77(1)°
-0.8 a=6.735(6) A 0.0308
b=8387(7) A i3
Mg,P,Oy, P21 /c ¢ = 9.003(8) A 467.5(3) A 5.12
B =113.18(7)°
Cu, Fm—3m a=3.61334(3) A 47.18(1) A3 37.94

To confirm the discharge mechanism proposed in reaction 1, XPS analyses were con-
ducted on the pristine and discharged electrodes monitoring the spectra of the P 2p, Mg 2s
and Ni 2p main components (Figure S5). Comparing the P 2p spectra of the electrodes with
that obtained for the MNP powder (light green and orange lines in Figure 3a), no important
differences were noted, which suggests that both the electrode processing and the following
discharge step did not alter the orthophosphate structure of the active material (Figure
S5a,b). The presence of orthophosphate and pyrophosphate groups results in P 2p peaks
exhibiting the same binding energies [61]. Hence, the formation of Mg, P07, as detected at
a concentration of 3.68 wt.% via XRD of the pristine electrode, cannot be confirmed by XPS
analysis. On the other hand, the Mg?* ions storage mechanism via a conversion reaction
could be probed by monitoring the Mg 2s and Ni 2p peaks. In fact, after discharging
up to —2.4 V vs. AC, the Mg 2s single peak grows in intensity, suggesting an increased
concentration of Mg?* ions at the surface of the MNP active material (Figure S5¢,d). Simi-
lar behaviour was observed by Li et al. [62] during the electrochemical magnetisation of
VS, [62]. The XPS spectra of Ni for the pristine electrode and the electrode in the discharged
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state show a complex set of components after fitting (Figure S5e,f), as was also observed
for the pure MNP powder. The characteristic 2p1/2 and 2p3/2 spin-orbit peaks and the
corresponding shake-up satellites are detected at 870.9/875.4 eV and 853.3/857.7 eV for
the pristine electrode, as well as at 870.9/875.1 eV and 853.3/857.5 eV for the discharged
electrode. The appearance of an additional peak shoulder at 850.6 eV was observed after
the discharge step (blue line in Figure S5f). This peak is characteristic of metallic Ni and,
therefore, can be assigned to the extrusion of Ni from the MNP crystal lattice [52].
ATR-FTIR spectroscopy was also performed on the pristine, discharged and charged
electrodes to comprehensively follow the magnetisation/de-magnetisation reaction (Figure 7).
All the spectra show the intramolecular stretching (v3 + v1) and bending (v4 + v;) vibrations
of the PO4*" anions since orthophosphate units form the framework of the active material.
In particular, all patterns exhibit infrared bands in the range 1200~1150 cm ! and around
724-726 cm~! due to the stretching of the P-O bond in the (PO3)~ units and the asymmetric
stretching vibration of bridging P-O-P unit in the P,O;?" anion, respectively [63,64]. The
presence of these bands, even in the pristine electrode, suggests some decomposition of
MNP during electrode processing, as was also observed by X-ray diffraction. A complex
set of vibrational modes is detected in the far-IR region for all the analysed samples.
Specifically, the coupling of the vibrations of the P-O bonds with the Ni-O and Mg-O
units is detected for the pristine, discharged and charged electrodes at wavenumbers lower
than 450 cm L. The bands at 667-672 cm ™! can be ascribed to PVDFE, which was used as a
binder during the electrode preparation, as they correlate well with the known spectrum
of pure polyvinylidene fluoride as a binder (PVDF), showing two bands at 666-677 cm ™!
that are related to the C-F, bending vibration and C-H; wagging modes, respectively [65].
However, the spectral feature of the fundamental vibrations of the Ni-Cu metal bond may
overlap with that of PO~ in the low-frequencies region, considering that in a pure Ni-Cu
alloy, the stretching line appears at 455 cm ™! [65]. Comparing the infrared spectra of the
pristine and discharged electrodes, broader and less resolved stretching and bending bands
are observed for the discharged electrode. These phenomena are due to the extraction of
Ni?* cations from the MNP lattice, which leads to a change in the coordination of the PO,3~
anions and increased disorder around these units [66]. In contrast, the ATR-FTIR spectrum
of the charged electrode exhibits new and better-resolved bands in the v + vz and vy + v4
regions. In particular, the typical 1085, 1077 and 1061 cm ! stretching bands of the PO,3
units in the pristine electrode are replaced by several peaks between 1100 and 1000 cm !,
which are characteristic of pyrophosphates (terminal stretching modes of P,O7*~ ions) [43].
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Figure 7. Ex-situ ATR-FTIR spectra for active MNP materials with Mg-electrolyte: pristine (black),
discharged up to —2.4 V vs. AC (red) and charged up to —0.8 V vs. AC (blue).
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2.2.3. The Electrochemical Activity of MNP with Li* Ions

To understand the potential charge storage mechanism of MNP with Li* charge
carriers and compare them to our observations for Mg?*, galvanostatic experiments (with
C/10 cycling rate) combined with ex-situ XRD, XPS and ATR-FTIR were conducted using
Li half cells. The discharge and charge curves for the first cycle against Li* /Li are shown
in Figure 8. The discharge curve is characterised by a low gradient step between 1.1 and
0.8 V vs. Li*/Li with a specific capacity of 350 mA h g~! (Point 3 in Figure 8), followed
by a much stronger drop in potential from 0.8 to 0.01 V vs. Li*/Li with a final specific
capacity of 600 mA h g~ ! (Point 4 in Figure 8). The absence of steps in the voltage profile
and the lower specific capacity upon charge indicate that the main discharge reaction is
irreversible. A similar voltage profile was observed up to 0.2 V vs. Li*/Li when an Al
current collector was used for the preliminary tests, as shown in Section 2.2.1 and Figure
56 in SI. However, the plateau at 0.2 V vs. Li*/Li, when the Al current collector is used,
may be due to the formation of Al-Li alloys at such low potentials [60], thereby further
reinforcing the unsuitability of Al as a current collector in this work.

mol of Li*
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3.0 ; 1 : 1 i 1 i 1 ; 5
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1 1
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Figure 8. Discharge (orange line) and charge (purple line) curves for MNP active material, coated on
Cu and cycled in a Li-half cell with Li-electrolyte. The open-circuit voltage (1), discharged up to 1.0 V
vs. Li*/Li (2), discharged up to 0.8 vs. Li* /Li (3), discharged up to 0.01 vs. Li* /Li (4) and charged up
to 2.9 vs. Li* /Li (5) states are highlighted.

The XRD patterns of electrodes corresponding to various points are shown in Figure 9,
with the fitted patterns given in Figures S7-510 and the tabulated results in Tables S4 and S5.
Table 3 summarises the refined lattice parameters and cell volumes. Along with unre-
acted MNP, sarcopside-Mg3(POy4); and the Cu-Ni alloy phases could be identified, as
observed when AC was employed as the counter electrode in the experiments with the
Mg-based electrolyte. The fitted diffraction profile of the working electrode discharged up
to 0.01 V vs. Li* /Li is shown in Figure S9. The assigned broad peaks were attributed to the
reflections of Li3PQy, indicating that this phase has poor crystallinity [67].

Based on the Rietveld analysis of the measured XRD data, the lithiation of MNP is
proposed to occur via a multistep conversion reaction mechanism involving three basic
processes. At 1.0 V vs. Li* /Li (point 2 in Figure 8), the XRD data indicate the formation of
sarcopside-Mg3(POy);, which is likely to be accompanied by the formation of Liz POy, but
as shown by the XRD data at 0.01 V (point 4), this phase is poorly crystalline and therefore
cannot clearly be distinguished at lower concentrations. Together with the appearance
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of the sarcopside-Mg3(POy), phase, a characteristic asymmetry in the (11 1) and (0 0 2)
reflections of the Cu current collector was also observed in the diffraction profile of the
electrode after discharging up to 1.0 V vs. Li* /Li (Figure S11). This effect can be associated
with the extrusion of Ni species during Li* intercalation and the following alloying reaction
with the Cu current collector. Hence, the first process (reaction 2) can be summarised
as follows:

(Mgo_SNi0_5)3(PO4)2 + 3xLi* + 3xe™ + yCu — (1—x)(Mg0.5NiO.5)3(PO4)2 +

2
X/ZMg3(PO4)2 + xLi3PO4 + Ni3x/2Cuy ( )
In the second process (reaction 3) on discharging, sarcopside-Mg3(POy), reacts with
lithium to produce Li3POy:

Mg3(POy), + 6xLi" + 6xe™ — (x—1)Mg3(POy); + 2xLi3POy4 + 3xMg 3)

The theoretical capacity for these two processes is 511.4 mA h g~!. However, a first-
cycle discharge capacity of 600 mA h g~ was measured (Figure 8), which corresponds to
the storage of 7 moles of Li* per formula unit of MNP (theoretical capacity of 597 mA h g~ 1).
Therefore, a third process must occur during discharge to account for the additional lithium.
As reported in the Li-Mg phase diagram, Li can react with Mg to form the o«—Mg and
—Li solid solutions [68]. Based on the observed additional discharge capacity, the alloy
corresponds to an approximate formula of Lig 4Mgy ¢, placing it in the 3-Mg (f3-Li) solid
solution region. The absence of reflections from this phase in the XRD data of the fully
discharged electrode may be due to the low atomic X-ray scattering factors of Li and Mg
and/or the amorphous character of the phase. Thus, the third process (reaction 4) can be
summarised as:

Mg + xLi" + xe~ — LixMg 4)

Therefore, reaction 5 is associated with the lithiation of MNP active material:

(Mgo_5NiO.5)3(PO4)2 + (6+3.7C/2)L1+ + (6+3x/2)e* + yCu — 2L13PO4 + 3/2L1ng + (5)
Ni1.5CUy

According to the reaction above, based on the observed practical capacity of 600 mA h g1,
the value of x in Equation (5) is 2/3.

To understand the charge reaction, Rietveld analysis was performed on the measured
XRD pattern of a working electrode which was discharged up to 0.01 V vs. Li*/Li and
charged again up to 2.9 V vs. Li* /Li (Figure S10). Broad reflections of a poorly crystalline
LizPO4 phase can be seen in the low 20 angle region (20°—40°), which were also observed
in the XRD diffractogram obtained after discharging up to 0.01 V vs. Li* /Li. This suggests
that once formed on discharge, Li3PO, remains in an electrochemically inactive phase.
Additionally, as observed after the discharging to 1.0 V vs. Li*/Li, the asymmetry in
the Cu current collector reflections was also observed in the diffraction profiles for the
electrodes at the selected states of charge (Figure S11). Since the poorly crystalline Liz PO,
phase is known to be electrochemically inactive (reaction 5) [69], it is assumed that only the
metallic species (Ni and/or Mg alloys) are electrochemically active in the charge reaction.
The electrochemical cycling of the MNP active material was assessed in a Li-half cell
configuration to support this assumption (Figure S12). After a capacity fading of 76% at the
second cycle, the MNP-Li cell exhibits relatively stable cycling capacities of 95 mA h g~*
throughout 50 cycles. Based on the mechanism suggested in reaction 5, this behaviour may
be ascribed to the reversible—extraction of Li* charged species in the in-situ formed Li,Mg
alloy, as amorphous Li3POy is assumed to be electrochemically inactive (reaction 3).
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Figure 9. Ex-situ XRD patterns of pristine (black curve), discharged up to 1.0 vs. Li* /Li (pink curve)
and up to 0.8 vs. Li*/Li (green curve) MNP electrodes, using Li-electrolyte. The red and blue
curves represent the diffraction patterns of the fully discharged (0.01 V vs. Li* /Li) and fully charged
(2.9 V vs. Li*/Li) MNP active material using the same electrolyte. The black asterisks indicate the
reflections of the Cu current collector.

Table 3. Summary of results from Rietveld analysis of ex-situ XRD patterns for the MNP active
material cycled at different states of charge in Li-electrolyte using Li metal as the counter electrode.
Estimated standard deviations are given in parentheses.

Point [VP\(I)st.elljijii] Phases Lattice Parameters Cell Volume Rwp Wt.%
a=5.8809(2) A
(Mgo.5Nig5)3(POy), P21 /c Cb :1%2()6%()6((35))?3\ 281.31(3) A3 4271
B =90.800(3)°
1 pristine a=6.720(4) A 0.0226
Mg, P,07, P2, /¢ IZ - Sggg 2 464.9(2) A3 3.68
B =113.40(4)°
Cu, Fm—3m a=3.61438(8) A 47.217(3) A3 53.61
a=5878(2) A
(Mgo5Ni5)3(POs)2, P21 /¢ Cb :1%'710577((23))‘2 281.0(2) A3 7.05
B =90.75(2)°
a=5.869(7) A
2 1.0 Sarcopsultljg-ll\//lég(POz;)z, b= 41108;118 A 293.4(4) A3 0.0268 1332
B=92.2(1)°
Cu, Fmn—3m a=3.61800(2) A 47.36(1) A3 48.00
Cu-Ni, Fm—3m a=3.6003(2) A 46.67(2) A3 1.63
3 0.8 Cu-Ni, Fim—3m a=3.62216(8) A 47.523(3) A3 0.0170 100
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Table 3. Cont.
Point Potential Phases Lattice Parameters Cell Volume R Wt. %
[V vs. Li*/Li] WP "7
a=10.52(4) A
LisPOy, Pnma b=597(2) A 306.(1) A3 14.87
4 0.01 c=4880) A : 00313
Cu, Fm—3m a=3.6156(4) A 47.27(1) A3 84.37
Cu-Ni, Fm—3m a=3.6293(7) A 47.80(3) A3 0.76
a=10.49(3) A
Li3POy, Prma b=6.13(2) A 318.(1) A3 3.18
5 29 =490 4 : 00399
Cu, Fm—3m a=3.6303(5) A 47.85(2) A3 94.14
Cu-Ni, Fim—3m a=3.6399(5) A 48.22(2) A3 2.68

To further characterise the extent of the electrochemical lithiation of MNP, XPS spectra
were recorded on the fully discharged (0.01 V vs. Li*/Li) electrode monitoring the P 2p,
Mg 25, Ni 2p and Li 1s components (Figure S513). Similar to the experiments performed
with the Mg-based electrolyte electrode (Figure S5), the P 2p3/2 component of the LizPOy
orthophosphate structure is observed at 134.9 eV (light green in Figure S13a). However,
an additional peak arises at a binding energy of ca. 139 eV, which can be assigned to
the decomposition of the LiPFg salt, as reported by Andersson et al. [70] (dark green in
Figure S13a) [70]. A slight shift to higher binding energies (1305 eV) can be observed for
the Mg 2s peak in Figure S13b. This might be correlated with the formation of Li-Mg alloys
as in reaction 4; however, no clear conclusions can be drawn from these data due to the
weak signal. On the other hand, the alloy reaction between Ni and Cu species (reaction
5) is supported by the Ni 2p spectrum in Figure S13¢c, where the peak at ca. 851 eV can be
assigned to Ni in the metallic state (blue line in Figure S13c).>? The peaks at 871.3 eV and
859.5 eV are assigned to the characteristic 2p1/2 (lilac line in Figure S13c) and 2p3/2 (cyan
line in Figure S13c) spin-orbit levels with their related shake-up satellites at 878.1 eV and
863.6 eV, respectively. The additional subpeaks detected after fitting are correlated to the
complex main lines splitting due to multiple contributions, plasmon loss structures and
charge transfer ligand effects [50,51]. Additionally, the peak at 56.4 eV in the Li 1s spectrum
is assigned to Li3POy4 [71], confirming the conversion reaction hypothesised in reaction
5 (Figure S13d). An asymmetry can also be observed at ca. 55 eV, indicating that a fraction
of Li could also be present as a Li-Mg alloy (reaction 4) [72].

The complexity of the electrochemical lithiation/de-lithiation reaction of MNP was
also explored using ex-situ ATR-FTIR analysis on electrodes cycled to different states of
charge (1-5), as shown in Figure 10. As already observed during the analysis of MNP
working electrodes using an Mg-based electrolyte, all the spectra are characterised by the
intramolecular stretching (vs + v1) and bending (v4 + v;) vibrations of the basal orthophos-
phate units, as well as the asymmetric stretching of the P-O bond of the pyrophosphate
impurity (724-726 cm ™). The small shift of the stretching bands in the (v3 + v;) region
is consistent with the formation of sarcopside-Mg3(POy), and LizsPO4 upon de-lithiation.
Specifically, it is possible to correlate the stretching lines (cm~!) from the pristine (1) to
the discharged electrode (4): (1085, 1077, 1061, 1046) cm~! — (1066, 1056, 1044, 1027,
1014) cm 1 and (984, 906, 880) cm~1 — (875, 834) cm~ 1. Moreover, the shift of the bending
line from 593 cm ™! to 577-556 cm ! is detected for the bending modes of the selected elec-
trodes. An interesting aspect is also the broadening of all the stretching and bending bands
during the discharge reaction, which produce the loss of some lines, such as at 984 cm~ 1,
and 633 cm~! in the pristine electrode. This would be consistent with the formation of
poorly crystalline Li3POy.
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Figure 10. Ex-situ ATR-FTIR spectra for MNP electrodes in Li-electrolyte: pristine (black), dis-

charged up to 1.0 V vs. Li* /Li (pink), discharged up to 0.8 V vs. Li* /Li (green), discharged up to
0.01 V vs. Li* /Li (red) and charged up to 2.9 V vs. Li* /Li (blue).

A complex infrared spectrum is obtained for the electrode discharged up to 1.0 V vs.
Li*/Li in the stretching (1075-1015 cm ™! and 902-820 cm ') and bending (582-413 cm™1)
regions. In fact, the splitting of the stretching and bending bands of the pristine electrode,
as well as the presence of a fine pattern in the far-IR region, are the consequences of the
change in the MNP structure. The electrochemical formation of sarcopside-Mg3(PO4), from
the conversion of MNP induces the coupling of the fundamental stretching (ca. 1000 cm 1)
and bending (ca. 450 cm~!) vibrations of the phosphate group with the Mg-O and Ni-O
units (correlation effect) [73,74]. Additional bands are present at 1191 cm~! and 771 cm™!
in the electrode discharged up to 0.01 V vs. Li* /Li. These new characteristic bands may be
related to the vibrational modes of the P,O;* and P304, groups, which are indicative
of a degree of condensation in the phosphate species and are often seen in amorphous
phosphates.*® Considering the infrared spectrum of the fully charged electrode (5), shifting
and broadening effects are also observed for the vibrational modes, suggesting that the
poorly crystalline/amorphous phosphate does not participate in the electrochemical reac-
tion. The formation of a poorly crystalline/amorphous phosphate phase is also confirmed
by the bands at 1066-992 cm ™!, as already observed for the electrode discharged up to
0.01 Vvs. Li*/Li (4). Considering the far-IR region for all the analysed samples, the bands
at 579-440 cm ™! (curve 3), 577-417 cm ™! (curve 4) and 557-417 cm ™! (curve 5) can also
be assigned to the formation of the poorly crystalline/amorphous phosphate. In addition,
the overlap between the fundamental vibrations of the Ni-Cu metal bond and the PO,3"
unit may be observed in the far-IR region for the working electrodes at different states
of charge [65].

The experiments with the Li metal counter electrode show that a practical discharge
capacity of 600 mAh/g was attained, which is in good agreement with the theoretical capac-
ity of 597 mA h g~ ! associated with the storage of 7 moles of Li* per formula unit of MNP.
However, when the Mg-electrolyte with AC as the counter electrode is used, a practical
capacity of 92 mA h g~ ! was attained, although the theoretical capacity is 255.7 mA h g~!
for the formation of sarcopside-Mg3(POy); at the end of the discharge process. One might
predict that if MNP could be cycled against pure Mg without passivation of the anode
surface, a higher discharge capacity could be achieved in the first cycle, corresponding to
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the formation of Mg(POy), as one of the end products after full discharge. In fact, the lower
capacity of the cells with AC as the counter electrode is ascribed to different thermodynamic
and kinetic properties of AC and not to the amount of charged species in the electrolyte. For
example, using 175 uL of Mg-electrolyte, 8.8 x 10~2 mmol of Mg?* cations are available for
the electrochemical reaction. The practical discharge capacity of 92 mA h g~ ! corresponds
to the consumption of 8.6 x 10~3 mmol of Mg?*, which is ca. 10% of the total amount of
Mg?* cations in the electrolyte. However, regardless of the choice of AC or Mg-metal as
the counter electrode, the charge capacity of MNP is likely to be limited as the conversion
reaction of MNP is irreversible, as in the case of Li.

3. Discussion

A mixed-cation, olivine-related compound, (Mg 5Nig 5)3(PO4),, was synthesized via
a solid-state method using MgO, NiO and NH4H;PO, as precursors. A detailed struc-
tural, morphological and compositional characterization of the pristine MNP powder
was performed in the first step. Electrochemical cells using activated carbon and lithium
were constructed in order to investigate for the first time the electrochemical reaction
mechanisms of both divalent (Mg2+) and monovalent (Li*) cations with MNP. Ex-situ char-
acterization of the active electrode material cycled against Li showed that MNP reacts with
Li* cations via an irreversible multistep conversion reaction to produce amorphous Li3PO4
and Cu-Ni alloy phases. Although a conversion reaction could also be observed when the
MNP active material is cycled against AC, the extent of the reaction is much less, which is
likely due to the thermodynamic and kinetic properties of the AC counter electrode. MNP
was also tested as an active electrode material for Mg?* cations using the Mg-electrolyte
and AC counter electrode. In these cells, a conversion reaction could also be confirmed
with sarcopside-Mgs(POy); and Cu-Ni alloy as the final reaction products, using ex-situ
characterization techniques. The conversion reactions with Li and Mg occur as the result of
an ionic exchange between Ni?* and the respective charge carrier (Li* or Mg?*). According
to the proposed conversion mechanism, we believe that it would be possible to achieve
a specific discharge capacity approaching 255.7 mA h g~ ! after the first discharge cycle,
which is significantly higher than the 92 mA h g~! capacity that was achieved with the
AC counter electrode when a non-passivating electrolyte (e.g., all phenyl complex) was
used. Therefore, in order to further investigate the conversion reaction in Mg chemistry,
research should focus on finding electrolytes that do not passivate the Mg-anode surface
but which are, at the same time, stable against oxidation at the higher working potentials
of the cathode. However, similar to the Li-cell case, a low initial coulombic efficiency is
expected in the first charge cycle, as the conversion reaction is irreversible. Nevertheless,
the dearth of studies of materials for potential MIBs means that there is much to explore
before suitable materials with smaller particle sizes and higher performance characteristics
can be found. Therefore, with this study on the fundamental working mechanisms of MNP,
the authors hope to influence the design and discovery of better-performing systems.

4. Materials and Methods
4.1. MNP Synthesis

Samples of (Mg 5Nig5)3(PO4)2 (MNP) were prepared by the solid-state reaction of
MgO (Sigma Aldrich, Germany, > 99% trace metals basis, 325 mesh), NH4H, PO, (Sigma
Aldrich, Germany, ACS reagent, > 98%), and NiO (Sigma Aldrich, Germany, 99.99% trace
metals basis). Before use, the MgO was heat-treated at 1000 °C for 2 days in air to convert
surface hydroxides to pure oxide, as confirmed by the X-ray diffraction pattern shown in
Figure S14. Stoichiometric amounts of the precursors were ball milled for 30 min at 300 rpm
using a zirconia bowl and balls with ethanol as the dispersing medium. The mixtures were
dried, then placed into a Pt crucible and heated at 650 °C for 12 h in air. After heating,
the samples were cooled to room temperature over a period of ca. 12 h and then removed
from the furnace. The resulting samples were ground in an agate mortar to a fine powder,
pelletised (15 mm diameter) at 100 bar and heat-treated again at 1100 °C for 24 h in air.
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4.2. Materials Characterisation

Structural characterisation was carried out by powder X-ray diffraction (XRD) us-
ing a PANalytical X'Pert Pro diffractometer with Cu-Ko radiation (A = 1.5418 A) in flat
plate Bragg—Brentano geometry. The XRD measurements were performed in the 26 range
from 10° to 120°, with a step size of 0.0334° and an effective count time of 400 s per
step. Rietveld method was used to refine the collected XRD patterns using the GSAS
suite of programmes [75], using (Mgp 4Nig ¢)3(PO4), [36], NiO [76], Cu [57], farringdonite
Mgs(POy4), [77], MgoP2O7 [78] and LisPOy [67] phases as the initial models for the refine-
ments. The crystal and refinement parameters for the pristine and all the cycled electrodes
are included in the SI.

Scanning electron microscopy (SEM) was performed to investigate the morphology of
the MNP powder using a Carl Zeiss Supra 40 instrument with Everhart-Thornley (ETD)
and Through-Lens (TLD) detectors. A primary electron beam with an energy of 5 keV
was selected for the imaging. Additionally, the particle size distribution of the final MNP
powder was determined using a CILAS 1190 QUANTACHROME analyser. Before the
measurement, the powder was dispersed in distilled water with Disperbyk-190 (BYK
Additives & Instruments) and sonicated for 15 min.

Fourier transform infrared (FTIR) spectroscopy measurements on MNP were carried
out using a PerkinElmer Spectrum Two spectrometer with the attenuated total reflectance
(ATR) technique. The middle infrared spectrum was collected in the 1200-400 cm~! range
after 256 scans at 4 cm ™! resolution on the as-prepared orthophosphate.

X-ray photoelectron spectroscopy (XPS) was carried out using a Nexsa, Thermofisher
spectrometer with an Al K« radiation at 72 W. Samples were analysed prior to and after an
etching step (monoatomic Ar beam, 4000 eV, 30 s, high current). High-resolution spectra
(step size 0.1 eV) were collected with 40 passes at pass energies of 50 eV. Data were fitted
with Avantage v5.9925 Build 06702 software, utilising the Simplex fitting algorithm with
Gauss—Lorentz Product.

4.3. Electrochemical Tests

Working electrodes were prepared by mixing 75 wt.% of the MNP powder, 15 wt.%
carbon black (Super C 45, TIMCAL) and 10 wt.% polyvinylidene fluoride as a binder (PVDE,
SOLEF® 5130/1001) in 1-methyl-2-pyrrolidinone (Sigma Aldrich, Darmstadt, Germany,
anhydrous, 99.5% purity) to produce a slurry. The slurry was homogenised by magnetic
stirring overnight at room temperature and then deposited onto copper (Cu) current
collectors using a blade gap of 120 um. After coating, the electrodes were dried under
vacuum at 80 °C for 12 h (dry thickness of 85 um) and then at 120 °C for 2 h. The electrodes
were then cut into discs with a diameter of 15 mm and dried again at 120 °C for 12 h
under vacuum before being transferred to an Ar-filled glove box. Approximately 5 mg
of active material was loaded on each electrode. Subsequently, CR2032 and CR2016 coin
cells were assembled in order to investigate the reactions of the MNP active materials
with Mg?* and Li* ions. The magnesium cells were assembled using activated carbon, AC
(Kynol Europa Gmbh, Hamburg, Germany, ACC-5092-20, 0.55 mm of thickness with an
average mass of 25 mg) as the counter electrode, a membrane separator (Celgard 2500,
United States) and 0.5 M Mg(ClO,); (anhydrous, ACS, granular) in acetonitrile, (anhydrous,
99.8% purity) as the electrolyte, which from now on will be referred to as “Mg-electrolyte”.
The Mg(ClOy); salt was dried at 70 °C under a vacuum overnight before the preparation
of the electrolyte solution, while the acetonitrile was dried on a molecular sieve (4 A) for
one day. Li half cells were constructed using metallic Li (LTS Research) as the counter
electrode, a membrane separator (Celgard 2500, United States) and 1 M LiPFg in ethylene
carbonate:ethyl methyl carbonate = 3:7 w/w with 2 wt% vinylene carbonate (Soulbrain,
Toulouse, France, PuriEl Battery Electrolyte) as the electrolyte, which will now be referred
to as “Li-electrolyte”. Additional cells were also constructed using AC as the counter
electrode with the Li-based electrolyte.
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Based on the work of Ruch et al. [79], the AC reference electrode potentials were
estimated as 3.0 V vs. Li*/Li and 2.4 V vs. Mg?*/Mg. [79] As reported in that work,
AC can store charged species via an electrolytic double-layer due to its large surface area
(1800 m? g~1) and electronic conductivity. This results in a change of the Galvani potential
of the counter electrode during the course of the cell reaction [79-82]. The combination
of an MNP working electrode, which may store charged species via Faradaic processes,
with an AC anode, therefore, leads to a hybrid capacitive system. The proposed working
mechanism for such a system is detailed below. During discharge, the AC counter electrode
becomes electron-poor, thereby acquiring a net positive Galvani charge, and the ClO4~
anions in the electrolyte migrate toward the AC/electrolyte interface to form an electrolytic
double layer. Simultaneously, the MNP working electrode accepts Mg?* cations from
the electrolyte and electrons from the AC counter electrode for the Faradaic reaction. As
the reaction proceeds, the measured cell potential E = @working electrode — PAC electrode DECOMES
more negative as the electrochemical potential of the AC counter-electrode, @ c eiectroder
becomes increasingly positive and that of the working electrode, @working electrode, PeCOmeS
increasingly negative. Considering the charge step, the electrons are removed from the
working electrode via the external circuit, and, at the same time, Mg2+ ions diffuse across
the working/electrolyte interface into the electrolyte. Simultaneously, the C1O4~ anions of
the electrolytic double layer re-enter the bulk electrolyte.

Cyclic voltammograms were recorded, after one hour of rest, for MNP in the potential
range of —2.4 V- 0.0 V vs. AC and 0.01 V-2.9 V vs. Li*/Li at a scan rate of 70 pV s~ on
a Biologic P150 instrument. Galvanostatic cycling with potential limitation (GCPL) was
carried out using MACCOR Series 4000 and Biologic P150 instruments, with metallic Li
(0.01-2.9 V vs. Li* /Li with C/10 current rate) and AC (—2.4——0.8 V vs. AC with specific
current of 2 mA g~!) used as counter electrodes, respectively.

4.4. Ex-Situ Characterisation

After cycling, the cells were disassembled in an Ar-filled glove box to collect the
electrodes. These cycled electrodes were washed with acetonitrile if cycled using the Mg-
electrolyte or dimethyl carbonate when tested using the Li-electrolyte. After drying, the
electrodes were transferred under Ar to the diffractometer for XRD measurements using an
airtight half-dome sample holder equipped with a silicon mono-crystal substrate (Bruker).
ATR-FTIR and XPS analyses were also performed on the pristine and cycled electrodes.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article /10
.3390/batteries9070342/s1, Table S1. Crystal and refinement parameters for MNP at room tempera-
ture., Figure S1. P 2p X-ray photoelectron spectra for MNP powder (a) before and (b) after Ar-ion
etching., Figure 52. Charge (red line) and discharge (black line) curves for MNP active material,
coated on Al and cycled in a Li-half cell with Li-electrolyte between 4.5 V and 0.25 V vs. Li*/Li.
The inset shows the poor charging behaviour of MNP (red line) up to 4.5 V vs. Li* /Li., Figure S3.
Cyclic voltammograms of MNP (solid-line) and Cu (dashed) working electrodes were recorded at
a scan rate of 0.07 mV s~! using AC as the counter electrode and Mg-electrolyte. Irregular effects
associated with an interaction between the Cu current collector and the electrolyte were observed at ca.
—0.75Vvs. AC and —0.3 V vs. AC for the MNP and Cu working electrodes, respectively. Therefore,
further galvanostatic discharge-charge cycling of the MNP working electrode was performed in the
voltage window between —2.4 V and —0.8 V vs. AC,, Figure S4. Charge and discharge curves with
constant voltage step for MNP vs. AC-Mg electrolyte cell., Table S2. Crystal and refinement parame-
ters for the MNP pristine electrode. Table S3. Crystal and refinement parameters for the MNP active
material electrode after discharging up to —2.4 V vs. AC and after charging up to —0.8 V vs. AC using
Mg-electrolyte. Table S3. Crystal and refinement parameters for the MNP active material electrode
after discharging up to —2.4 V vs. AC and after charging up to —0.8 V vs. AC using Mg-electrolyte.,
Figure S5. P 2p, Mg 1s and Ni 2p X-ray photoelectron spectra of MNP active material in (a, cand e,
respectively) pristine and (b, d and f, respectively) discharged up to —2.4 V vs. AC electrodes using
Mg-electrolyte., Figure S6. Discharge curves for MNP active material coated on Cu (red line) and
Al (green line) current collectors cycled in a Li-half cell with Li-electrolyte., Figure S7. Fitted ex-situ
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XRD pattern of MNP active material discharged up to 1.0 vs. Li*/Li in Li-electrolyte. Observed
(black dots), calculated (red line), and difference (blue line) profiles are shown. Reflection positions
for MNP (pink bars), Cu (orange bars), Cu-Ni alloy (blue bars) and sarcopside-Mg3(POy), (dark
yellow bars) are indicated., Figure S8. Fitted ex-situ XRD pattern of MNP active material discharged
up to 0.8 vs. Li* /Li in Li-electrolyte. Observed (black dots), calculated (red line), and difference (blue
line) profiles are shown. Reflection positions for Cu-Ni alloy (blue bars) are indicated., Figure S9.
Fitted ex-situ XRD pattern of MNP active material discharged up to 0.01 vs. Li* /Li in Li-electrolyte.
Observed (black dots), calculated (red line), and difference (blue line) profiles are shown. Refection
positions for LizPOy (cyan bars), Cu (orange bars) and Cu-Ni alloy (blue bars) are indicated. The
strongest reflections for the LizPO4 phase are reported in brackets., Figure S10. Fitted ex-situ XRD
pattern of MNP active material charged up to 2.9 vs. Li* /Li in Li-electrolyte. Observed (black dots),
calculated (red line), and difference (blue line) profiles are shown. Reflection positions for Liz POy
(cyan bars), Cu (orange bars) and Cu-Ni alloy (blue bars) are indicated., Table S4. Crystal and
refinement parameters for the MNP active material discharged up to 1.0 vs. Li* /Li, discharged up
to 0.8 vs. Li*/Li and fully discharged at 0.01 V vs. Li*/Li in Li-electrolyte., Table S5. Crystal and
refinement parameters for the MNP active material charged up to 2.9 vs. Li+/Li in Li-electrolyte.,
Figure S11. Ex-situ XRD patterns comparing the (1 1 1) and (0 0 2) reflections of the Cu current
collector for the MNP electrode at the open circuit voltage (3.0 V vs. Li* /Li, black curve), discharged
up to 1.0 vs. Li*/Li (pink curve), discharged up to 0.8 vs. Li*/Li (green curve), fully discharged
(0.01 V vs. Li* /Li) and fully charged (2.9 V vs. Li* /Li) states using Li-electrolyte., Figure S12. Specific
discharge (green triangles) and charge (pink triangles) capacities over 50 cycles for discharge curves
for MNP active material cycled in a Li-half cell with Li-electrolyte., Figure S13. (a) P 2p, (b) Mg
1s, (c) Ni 2p and (d) Li 1s X-ray photoelectron spectra for MNP active material discharged up to
0.01 V vs. Li* /Li in Li-electrolyte., Figure S14. Fitted XRD pattern of MgO precursor. Observed (black
dots), calculated (red line), and difference (blue line) profiles are shown. Reflection positions for MgO
(green bars) are indicated.
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