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V2Se9 displays facile electrochemical insertion of up to 1.6 Mg2+ per unit formula with fast diffusion

(coefficients of 10−10–10−12 cm2 s−1) surpassing best-in-class materials like Mo6S8. Detailed structural

characterization of synchrotron X-ray diffraction data with ab initio Maximum Entropy Method analysis

reveals Mg2+ insertion into octahedral sites within the large vdW space between [V4Se18]N chains. Fast

rate performance is attributed to low structural perturbation and low diffusion barriers, calculated by

bond valence pathway analysis, resulting from the low charge-per-size of anionic selenium. X-ray

photoelectron spectroscopy and X-ray absorption spectroscopy reveal that reversible insertion of Mg2+

is facilitated by V5+/V3+ redox. V2Se9 demonstrates that selenides, despite their larger molecular weight,

offer potential as fast-rate positive electrode materials for magnesium batteries over well-explored

oxides and sulfides.
Introduction

Performance limitations, safety concerns, and the availability of
the necessary raw materials for rechargeable Li-ion batteries
have created a demand for innovative energy storage technol-
ogies beyond lithium.1,2 The high natural abundance, low cost
and high volumetric capacity of magnesium (3833 mA h cm−3)
compared to that of lithium (2046 mA h cm−3) and sodium
(1125 mA h cm−3) make rechargeable Mg batteries an appealing
alternative.3–6

The most signicant challenge preventing the commerciali-
zation of magnesium batteries is a lack of suitable positive
electrode materials capable of suitable kinetics for Mg2+ inser-
tion. Despite the comparable ionic radii of Mg2+ and Li+ (0.57 vs.
0.59 Å),7 the high charge density of Mg2+ results in strong
electrostatic interaction between the anionic sub-structure of
the host electrode and the inserting ion.8,9 As a result, Mg-
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storage is hindered both thermodynamically, with limited
reaction reversibility; and kinetically, with sluggish Mg2+

insertion into the host structure.10

Increasing the polarizability of the anion framework has
resulted in improved kinetic performance of insertion electrodes:
layered VSe2 and TiSe2 demonstrate faster Mg2+ migration than
the isostructural sulde and oxide materials, albeit at a lower
working potential.11–17 Similarly, capacity retention has been
improved in well-studied electrode materials like the Chevrel
phase Mo6S8−xSex (0 < x# 2)18,19 and CuS1−xSex (0 < x# 0.25)20–22

by partial substitution of S for Se. The enhanced kinetics of Mg2+

storage following the trend of Se > S > O can be attributed to both
weakening electrostatic interactions as well as increasing anionic
radii resulting in larger channels for Mg2+ diffusion.23

Recently, one-dimensional chain materials like VS4,24–27

V2PS10,28 and TiS3 (ref. 29 and 30) have attracted interest as
positive electrode materials for Mg batteries. Their structures
are comprised of one-dimensional chains formed from trans-
facially connected [MS8] polyhedra bound loosely by weak van
der Waals (vdW) forces with large inter-chain spacing (5.38 Å in
VS4); through whichMg2+ can diffuse. Thesematerials are noted
for the complex insertion mechanisms, emanating from
anionic redox on the disulde (S2)

2− site.31 The highly active
anion chemistry of these materials provides motivation to
explore S/Se substitution.

The structure of V2Se9, like VS4 and V2PS10, consists of
innite one-dimensional chains of [V4Se18]N formed by trans-
facial stacking of distorted rectangular anti-prismatic [VSe8]
polyhedra. These chains extend along the [302] direction and
are weakly bound by vdW forces. The large anionic radius of Se
J. Mater. Chem. A, 2024, 12, 32349–32358 | 32349
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results in large inter-chain spacings of 6.366–6.610 Å for V2Se9,
signicantly longer than those observed in VS4 and V2PS10. The
oxidation states in V2Se9 can be considered by the asymmetric
unit V2

5+(Se2)
2–

4Se
2−, where all Se are coordinated to a V5+ metal

center and exist in either a (Se2)
2− or Se2− oxidation state (a

detailed structural description is provided in the ESI, Fig. S1
and Table S1†).

Recently, V2Se9 was investigated as an electrode material in
monovalent Li+ and Na+ batteries and was shown to operate by
a combination of insertion and conversion mechanisms.32–34

Initially, up to nine Li+ or Na+ are inserted between the [V4Se18]N
chains by an intercalation-type process. At lower potentials,
conversion reactions result in the formation of metallic V and
either Li2Se or Na2Se.

Herein, Mg2+ insertion into V2Se9 with fast kinetics is re-
ported. Through detailed structural analysis of synchrotron X-ray
diffraction (SXRD) data, combined with maximum entropy
method analysis and bond valence diffusion pathway analysis,
Mg2+ sites are located within the structure and highlight the
inter-connected three-dimensional diffusion pathways and low
structural perturbation as the origin of fastMg2+ insertion. Ex situ
X-ray photoelectron (XPS) and X-ray absorption spectroscopic
(XAS) characterization and Raman spectroscopy were used to
elucidate an insertion mechanism resulting from a reversible
V5+/V3+ redox couple, with no evidence of parasitic conversion
reactions which were seen for Mg2+ insertion into VS4.
Experimental section
V2Se9 synthesis

Powdered vanadium (99.5% Alfa Aesar) and selenium (99.5%
Sigma Aldrich) were combined in stoichiometric quantities
in an agate pestle and mortar in an inert Ar atmosphere in a
glovebox (MBraun LabMaster 130; H2O and O2 levels < 0.1 ppm)
before being pressed into pellets (13 mm diameter at 0.5
tonnes) and sealed in fused silica ampules under a vacuum of 1
× 10−5 mbar before heating to 623.15 K in a Carbolite RHF 1600
furnace for 21 days using heating and cooling rates of 5 Kmin−1

(Fig. S2 and Table S2†). Aer synthesis, the pellets were
collected and homogenized by further grinding. Elemental
analysis by ICP-OES yielded a composition of V2.00(2)Se9.4(3)
(Fig. S3 and Table S3†). TEM-EDX yielded a Se/V ratio of 4.31(18)
(Fig. S4 and S5 and Table S4†). Further details for ICP-OES, TEM
and TEM-EDX measurements is provided in the ESI.† Se and
VSe2 were observed as minor impurity phases by XRD in the as-
made V2Se9 and the Mg-intercalated powders. The relative
weight ratios of these impurity phases did not change between
the pristine and intercalated materials.
Electrochemical cell assembly and testing

Stainless steel coin cells (CR2032, Pi-KEM) assembled under an
inert Ar atmosphere inside a glovebox (MBraun LabMaster Pro-
Eco) with O2 and H2O levels < 0.1 ppm. Positive electrodes
consisted of a slurry of V2Se9 powder, sieved through a 20 mm
mesh (Impact Test Systems), conductive carbon (Pi-KEM,
dried), and binder (PVDF, dried) in proportions of 70 : 20 : 10
32350 | J. Mater. Chem. A, 2024, 12, 32349–32358
w/w combined with in N-methyl-2-pyrrolidone. The slurry was
cast onto carbon-coated aluminium foil and cut into disks
(16 mm diameter) and dried under vacuum overnight. Active
material loadings were typically between 0.25 and 0.35 mg
cm−2, with an electrode thickness of 100 mm. Negative elec-
trodes consisted of polished Mg foil discs with a diameter of 18
mm. Electrodes were separated by Whatman GF/D borosilicate
glass bre membranes soaked with 500–750 mL of an electrolyte
consisting of a 0.5 M solution of magnesium bis(triuoro-
methane)sulfonimide (Mg(TFSI)2, 99.5%, Solvionic) dissolved
in a mixture of dimethoxyethane (DME, Sigma Aldrich, anhy-
drous, inhibitor-free, 99.5%) and 1-methoxypropyl-2-amine
(MPA, Sigma Aldrich, 99%) in a 3.84/1 w/w ratio (Fig. S6†).35

The Mg(TFSI)2 had been dried at 220 °C under a dynamic
vacuum of z5 mbar for 12 h. DME was further dried over
activated molecular sieves (Sigma Aldrich, 3 Å, heated to 250 °C
under vacuum). MPA was degassed by freeze–pump–thaw with
liquid N2 and dried by distillation over CaH2 before storing over
activated molecular sieves. A nal water content of <10 ppmwas
recorded by Karl-Fischer titration (Table S5†). Electrolyte
stability was conrmed by cyclic voltammetry and Mg plating
and stripping (Fig. S7 and S8†).

Electrochemical measurements were conducted using a Bio-
Logic VSP300 potentiostat at 30 °C. Galvanostatic charge–
discharge was performed between potential limits of 0.8–2.2 V
vs. Mg2+/Mg at current densities of 20–200 mA g−1, recording
the change in potential every 5 mV. Ex situ cell testing was
performed on powder-based Swagelok cells. The cathode
composition was 70% active material, 30% carbon black,
without binder with typical loadings of 15–20 mg. Cells were
discharged and charged with a constant current of 20 mA g−1 to
the required potentials. Powders were collected, washed in
DME, and dried under vacuum at 60 °C for 12 h.

Potentiostatic Intermittent Titration Technique (PITT) uti-
lised chronoamperometric pulses imposed from open circuit
potential to 0.8 V vs.Mg2+/Mg with an interval of 20 mV until the
current reach 0.75 mA g−1 at each potential step. Diffusion
coefficients (D) were calculated by differentiation of the nite-
diffusion Cottrell equation for the long-time region:

I ¼ 2nFADDC

a
eð�p2Dt=a2Þ

where I is current (A), n number of transferred electrons, F
Faraday constant (96 485 C mol−1), A surface area (cm2), DC for
concentration gradient within the particles, t for time (s) and
a for particle radius (cm).
X-ray diffraction (XRD) techniques

Synchrotron X-ray diffraction (SXRD) was performed at Dia-
mond Light Source, U.K., on high-resolution beamline I11.36,37

The patterns were recorded in the transmission mode [0° < 2q <
90°] using a position sensitive detector (PSD, l = 0.824399 Å) at
room temperature on samples introduced into 0.3 mm diam-
eter borosilicate glass capillaries. Rietveld renements were
carried out using TOPAS Academic Version 7.38 The background
was tted manually using a 36-part linear prole. Fundamental
This journal is © The Royal Society of Chemistry 2024
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parameters of the beamline were modelled, including Lorentz-
polarization, la, lo and lh Voight coefficients, source-to-sample
radius & slit widths. Peak proles were tted using the Ste-
phens model in the monoclinic setting (b-axis unique). Simple
axial model was initially constrained to 5.0 before being rened
aer initial peak prole tting.

Maximum Entropy Method (MEM) was used to calculate
electron density distributions. The observed structure factor
was extracted from data using a Rietveld renement performed
in Jana 2006.39 The renement models were taken from Topas
renements and atomic positions were kept xed. Peak proles
were t empirically using a pseudo-Voight function and the
Stephens model for anisotropic strain broadening in the
monoclinic setting, as was done in Topas. The background was
t manually using a 60-point linear interpolation to ensure that
peak intensities were extracted to the highest degree of accu-
racy. The electron densities were generated with MEM using the
Sakata–Sato algorithm in BayMEM40 on a grid of 300 × 300 ×

300 voxels and run till the combined FG constraint met its
convergence criteria of 1.0. Electron densities were visualized
using VESTA.41

Mg2+ diffusion pathways in V2Se9 were analyzed by bond
valence pathway analysis (BVPA) using the soware SoBV GUI
(Version 1.3.1).42 Three-dimensional energy landscape maps
were generated for Mg2+ ion diffusion using so bond valence
parameters calculated using the CIF generated from SXRD data
for V2Se9. Maximum voxel resolution of 0.1 Å was applied. The
resulting volumetric data was visualized using an isosurface
level of 5.0 a0

−3 (a0: Bohr radius) using the VESTA soware.41

Elemental analysis

Scanning Transmission Electron Microscopy (STEM) imaging,
and EDX analysis were performed using a Cs-corrected TEM/
STEM Jeol 2100FCs microscope operating at 200 kV. For EDX
mapping, a JEOL silicon dri detector (SDD) was used with
a detection area of 100 mm2.

Further details regarding Transmission Electron Microscopy
(TEM) and Inductively Coupled Plasma Optical Emission
Spectroscopy (ICP-OES) can be found in the ESI.†

Raman spectroscopy

Ex situ Raman measurements were collected using a Raman
microscope (Renishaw, in via reex coupled with an inverted
Leica microscope), with a 532 nm laser as the excitation source
(power <300 mW), focused onto the sample using a ×50 objec-
tive (Olympus). The collected Raman spectra were baseline-
corrected. The spectral measurement time was 60 seconds
with 5 accumulations to ensure a good signal-to-noise ratio and
well-resolved peaks. To check for potential laser damage, V2Se9
was measured with varying laser intensities and exposure times.
No changes in the spectra were observed up to 10% power for 60
seconds.

X-ray photoelectron and X-ray absorption analysis

X-ray Photoelectron Spectroscopy (XPS) analysis was performed
using a Thermo NEXSA XPS tted with a monochromatic Al Ka
This journal is © The Royal Society of Chemistry 2024
X-ray source (1486.7 eV), a spherical sector analyser and
multichannel resistive plate, 128 channel delay line detectors.
All data were recorded at 19.2 W with an X-ray beam size of 400
× 200 mm2. Survey scans were recorded at a pass energy of
200 eV, and high-resolution scans were recorded at a pass
energy of 40 eV. Electronic charge neutralization was achieved
using a dual-beam low-energy electron/ion source (Thermo
Scientic FG-03). The ion gun was operated at a current of 150
mA and a voltage of 45 V. All sample data were recorded at
a pressure below 10−8 Torr and at 294 K. Data was processed
using CasaXPS (v2.3.19PR1.0) using a Shirley background and
peak tting with Gaussian–Lorentzian functions. The Fermi
edge of Ni foil measured using the same equipment was used to
calibrate the data and eliminate any effects of surface charging.

X-ray Absorption Spectroscopy (XAS) was measured at
beamline B18 (ref. 43) at Diamond Light Source, U.K. Pellets of
sample diluted with cellulose were prepared with an optimized
density for X-ray absorption measurements in transmission
mode at the V K-edge (5465 eV) and the Se K-edge (12 658 eV) at
ambient temperature. The samples were hermetically sealed in
Al pouches under argon. The spectra were calibrated by xing
the maximum of the derivative of V and Se foil references placed
aer the samples for the corresponding edges, respectively, and
normalized with the Athena soware.44

Results and discussion

Cyclic voltammetry was used to probe the operational potential
window and redox activity of V2Se9 towards electrochemical (de)
insertion of Mg2+ in 0.5 M magnesium bis(triuoromethane)
sulfonimide (Mg(TFSI)2) in dimethoxyethane (DME) and 1-
methoxy-2-propylamine (3.84 : 1 w/w) electrolyte (Fig. S6–S8 and
Table S5†). From an open circuit potential (OCP) of 1.8 V vs.
Mg2+/Mg the cell potential was swept at a rate of 100 mV s−1

while the reductive potential was lowered, from 0.9 V to 0.2 V
(Fig. 1a). When cycled between 0.8 V and 2.4 V, a sharp reductive
peak is observed at 1.72 V, with additional weaker peaks
observed at 1.36 V, 1.25 V and 1.13 V. Strong oxidative peaks are
observed above 1.6 V, centered at 1.72 V and 1.95 V, though
several smaller less resolved peaks are also present. The
inection at 2.4 V was shown to be oxidation of the electrolyte
solution, which continued as the potential was further
increased. This observation is similar to other reports which use
Mg(TFSI)2 electrolyte solutions in the literature and is in-line
with the potential at which [TFSI]− has been shown to corrode
Al in Li-ion based systems.45,46 When the potential is swept
below 0.6 V there is an almost immediate loss of redox activity,
suggesting the system undergoes irreversible changes below ca.
0.7 V (Fig. S9†). Low-potential conversion reactions are observed
in V2Se9 in Li+ and Na+ cells when cycled below 1.5 V vs. Li+/Li
(0.83 V vs. Mg2+/Mg) and 1.0 V vs. Na+/Na (0.66 V vs. Mg2+/
Mg).32–34 Similar conversion reactions are likely occurring with
Mg2+ at potentials below 0.7 V. This is indeed the case for
structurally related one-dimensional chain materials contain-
ing sulfur, such as VS4 and TiS3, which display low-potential
conversion reactions in which MgS and metallic V are
formed.47–49 While the formation of Li2Se and Na2Se is shown to
J. Mater. Chem. A, 2024, 12, 32349–32358 | 32351
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Fig. 1 (a) Cyclic voltammogram recorded for MgxV2Se9 at a sweep
rate of 100 mV s−1 between 0.8 V and 2.4 V. (b) Voltage profiles of
cycles 1–12 for V2Se9 in 0.5 M Mg(TFSI)2 in dimethoxyethane/1-
methoxypropyl-2-amine (3.84/1, w/w) at 200–600 mA g−1. (c)
Potentiostatic intermittent titration technique of the discharge of
V2Se9 to calculate the Mg2+ diffusion coefficients as a function of
potential, from 1.3 V to 0.8 V. (d) Second cycle discharge potential
profile for V2Se9/carbon loose powder electrode in a Swagelok cell at
a current density of 50 mA g−1 for ex situ analysis. Spheres represent
the potentials at which cells were stopped and the materials collected:
cyan for discharged (magnesiated) MgxV2Se9 and orange for charged
(de-magnesiated) MgxV2Se9. Typically, a second discharge capacity of
90 mA h g−1 (i.e., 1.35 Mg2+/V2Se9) is achieved by 0.8 V. Samples of
MgxV2Se9 were collected at 1.6 V (x= 0.15); 1.3 V (x= 0.47); and 0.8 V (x
= 1.35) during discharge; and 1.65 V (x = 0.97) and 2.2 V (x = 0.00)
during charging.
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be reversible, the formation of MgS is not, and results in
signicant capacity decay over the rst few cycles. It is therefore
reasonable to expect that the formation of MgSe is also irre-
versible. The large charge-per-size of Mg2+ compared to Li+ and
Na+ will result in stronger Mg–Se bonding in MgSe than Li–Se
and Na–Se bonds in Li2Se and Na2Se, respectively. As such,
a suitable potential window of 0.8 V to 2.2 V was selected for
galvanostatic cycling.

During the rst cycle, an initial discharge capacity of
107 mA h g−1 is observed at a current density of 200 mA g−1. The
rst cycle shows a different initial potential prole to subse-
quent cycles. The potential drops rapidly to 1 V, suggesting
a large overpotential activation for Mg2+ insertion whereas upon
further cycling, Mg begins to be inserted at a much higher
potential of 1.6 V. Subsequent cycles achieve a decreasing
amount of capacity from 106 to 88 mA h g−1 (i.e., 1.6–1.3 Mg2+/
V2Se9) at 200 mA h g−1 with potential proles remaining
similar; with plateaus at 1.75 V, 1.50 V and 1.35 V (Fig. 1b),
consistent with the peak positions observed in cyclic voltam-
metry. The capacity decreases at higher current densities, with
50 mA h g−1 (0.76 Mg2+/V2Se9) at 400 mA g−1 and 31 mA h g−1
32352 | J. Mater. Chem. A, 2024, 12, 32349–32358
(0.47 Mg2+/V2Se9) at 600 mA g−1 being maintained for multiple
cycles. This is lower than the capacity achieved by the insertion
of Li+ or Na+ into V2Se9, which can be estimated to be
300 mA h g−1 from insertion reactions alone.32,33 This can likely
be attributed to the associated thermodynamic and kinetic
difficulties with the insertion of high charge-per-size Mg2+

relative to Li+ and Na+.
Mg2+ de-insertion appears to be amore complex process with

voltage hysteresis observed during charging. Plateaux are
observed at 1.65 V, 1.72 V, and 1.85–1.90 V, again in agreement
with peaks observed during cyclic voltammetry. An extended
plateau is observed above 2.1 V that originates from the oxida-
tion of the electrolyte as the potential approaches the upper
limit of the electrochemical stability window (Fig. S8†),
accounting for the larger capacity observed on charging.50 As
a result, this difference in capacity is observed for cycles at
slower rates, with higher current densities achieving higher
coulombic efficiencies (Fig. S10†).

Magnesium insertion diffusion was studied using Potentio-
static Intermittent Titration Technique (PITT); the calculated
diffusion coefficients from the selected points are illustrated in
Fig. 1c. The Mg2+ diffusion coefficients in MgxV2Se9 are
z10−10–10−12 cm2 s−1, and change as a function of potential
indicating Mg content-dependent insertion kinetics. The
kinetic performance of V2Se9 towards Mg2+ insertion is faster
than V2PS10 (10

−14–10−11 cm2 s−1 between 1.5 and 0.1 V)28 and
Mo6S8 (10−14–10−11 cm2 s−1 between 1.4–1.0 V);18,51 and is
comparable to monovalent charge carrier (Li+, Na+) insertion
into layered oxide materials.52,53 The observed rapid kinetics of
V2Se9 can be attributed to the low-charge-density selenide
framework, helping to overcome the sluggish kinetics of Mg
batteries.

To understand the storage mechanism of V2Se9, Swagelok-
type cells with cathodes consisting of approximately 20 mg of
70/30 w/w V2Se9/carbon black powder (no binder) were used to
prepare samples of MgxV2Se9 for ex situ diffraction, XPS, and
XAS measurements. Typically, a second discharge capacity of
90 mA h g−1 (i.e., 1.35 Mg2+/V2Se9 giving Mg1.35V2Se9) is ach-
ieved by 0.8 V (Fig. 1d). The lower capacity is the result of
reduced conductivity between the loose powder electrode in
Swagelok cells compared to cast electrodes in coin cells. The
long plateau above 2.1 V is attributed to electrolyte oxidation, as
previously discussed.

STEM-EDX false color micrographs shown in Fig. 2 conrm
that Mg is homogeneously distributed throughout the bulk of
V2Se9 crystallites aer insertion. ICP-OES analysis gives
a composition of Mg1.20(3)V2.00(8)Se9.4(5), in good agreement with
the expected Mg content from the electrochemical discharge
capacity (Table S6†). Ex situ SXRD analysis was performed on
MgxV2Se9 (0 # x # 1.35) prepared at various potentials during
discharge: 1.6 V (x = 0.15); 1.3 V (x = 0.47); 0.8 V (x = 1.35); and
recharge: 1.65 V (x = 0.97) and 2.2 V (x = 0.00).

Analysis of SXRD data for Mg1.35V2Se9 (discharged to 0.8 V vs.
Mg2+/Mg) indicates that the structural symmetry (C2/c) and
framework of V2Se9 is retained for cycled MgxV2Se9 (Fig. 3a).
Fourier difference analysis reveals two separate regions of
electron density as suitable positions for Mg2+ within the unit
This journal is © The Royal Society of Chemistry 2024
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Fig. 2 STEM dark field and false color EDXmicrographs of (a) V2Se9 (b)
and Mg1.35V2Se9 (after discharge to 0.8 V; shown in for separate areas)
using an acceleration voltage of 200 kV with a probe current of 7.475
nA. V is shown in blue, Se in green and Mg in orange. The Mg content
cannot be resolved due to overlap between the Mg Ka (1.253 keV) and
Se La (1.379 keV) peaks. Mg signal is within the limits of noise in V2Se9.
For Mg1.35V2Se9 Mg is homogeneously inserted throughout the
crystallite.

Fig. 3 (a) Rietveld refinement of Mg1.35V2Se9 against SXRD data
collected at I11 beamline. Observed data are shown by white circles.
The calculated fit is shown by the cyan line. The difference between
the calculated and observed data are shown by the grey line. The
Bragg reflection positions of V2Se9, VSe2 and Se are given by the
orange, purple and green ticks, respectively. Inset is an enlarged region
of the fit between 2.5–5.2 Å−1. Refined parameters are summarized in
Table S7.† (b–g) Coordination of Mg sites in Mg1.35V2Se9. V is shown by
blue spheres, Mg(1) by orange spheres, Mg(2) by red spheres, Se2− by
dark green spheres and Se1− by light green spheres. Se–Se bonds are
shown by bold black lines and V–Se and Mg–Se bonds are shown by
grey lines. Electron density isosurfaces of the Mg(1) and Mg(2) sites in
Mg1.35V2Se9 generated by (b and c) Fourier difference analysis and (d
and e) maximum entropy method. 2D planes bisect the MgSe6 octa-
hedrons in the equatorial plane (see Fig. S13†). (f and g) Local coor-
dination environments of Mg(1) and Mg(2).
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cell (Fig. 3b and c and S11†). Magnesium was placed on each of
these sites with an initial occupancy of 1.0 (equivalent to
Mg2V2Se9) before renement. The proximity of magnesium
positions to V and Se sites was restrained using a penalty
function during nal renement, and the Biso values for both
Mg sites were constrained to be equal. The nal structural
model (shown in Fig. 3a) achieved t statistics of Rwp = 0.521%,
improved from 0.624% for a model without any Mg present
(Fig. S12 and Table S7†).

The location of the two rened Mg positions is further
conrmed through analysis of the SXRD data via maximum
entropy method (MEM) calculations by generating the electron
density distribution ab initio from the observed diffraction
data.40 Analysis was performed on both pristine V2Se9 and
Mg1.35V2Se9 to visualize the change in charge density upon
reduction of the host structure. Fig. 3d and e shows electron
density observed between neighboring [V4Se18]N chains of
Mg1.35V2Se9 which is not present in V2Se9, further conrming
Mg is present on these sites (Fig. S13†). Notably, the electron
density observed on the Mg sites is more localized than that of
the larger, and therefore less densely charged, neighboring Se
sites.

The rened occupancies of the two Mg sites were 0.596(19)
and 0.402(16), providing a rened composition of
Mg0.99(3)V2Se9, compared to Mg1.35V2Se9 calculated from elec-
trochemical capacity. Identication of discrete Mg sites
suggests a homogeneous distribution of Mg2+ within bulk
V2Se9, indicative of an insertion-type electrochemical process.
Additionally, no metallic V or MgSe is observed via ex situ
diffraction measurements, suggesting that no conversion
processes take place when cycling between 0.8–2.2 V.

Mg is octahedrally coordinated to Se in Mg1.35VSe9, with
MgSe6 octahedra located in the vdW space between neighboring
This journal is © The Royal Society of Chemistry 2024
[V4Se18]N chains. Selenide materials containing octahedral
MgSe6 units involving Se2− only, such as spinel MgM2Se4 (M =

In, Al, Sc),54 olivine Mg2MSe4 (M = Ge, Si, Sn)55 and Mg2P2Se6
(ref. 56) have average Mg–Se distances of 2.74(9) Å with a range
of 2.3–3.3 Å (Fig. S14†), and average polyhedral volumes of
27.2(4) Å3. In Mg1.35V2Se9, Mg(1) is coordinated entirely to Se1−

anions with an average Mg–Se distance of 2.84(12) Å and an
octahedral volume of 21.51 Å3 (Fig. 3f). Mg(2) is coordinated to
J. Mater. Chem. A, 2024, 12, 32349–32358 | 32353
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Fig. 4 The structure of Mg1.35V2Se9. V is shown by blue spheres, Mg(1)
by orange spheres, Mg(2) by red spheres, Se2− by dark green spheres
and Se1− by light green spheres. Se–Se bonds are shown by bold black
lines and V–Se and Mg–Se bonds are shown by grey lines. (a) The
coordination of Mg sites around V2Se9. (b and c) Chains of [V4Se18]N
that are separated by vdW space in V2Se9 are connected through Se–
Mg–Se bonding in Mg1.35V2Se9 in the (011) plane. V–V interchain
distances across Mg sites are provided.
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four Se1− and two Se2− anions with an average Mg–Se distance
of 2.4(5) Å and an octahedral volume of 17.85 Å3 (Fig. 3g). The
smaller Mg(2) octahedra is attributed to a lower Mg occupancy
and the smaller anionic radius of Se2−. Additionally, the mixed
coordination of Mg(2) to Se1− and Se2− results in a larger
octahedral distortion index than that of Mg(1) (0.154 compared
to 0.031) due to different anionic radii and charge densities.57

Each VSe8 polyhedron shares faces with two MgSe6 octa-
hedra, with one Mg(1) and one Mg(2); likewise, each MgSe6
octahedron shares two opposite, and identical, faces with two
separate VSe8 polyhedra from neighboring [V4Se18]N chains.
Every (Se2)

2− group is coordinated to at least one Mg2+ site.
Mg(1) shares two triangular faces with VSe8 formed between
Se(1)2−, Se(2)1− and Se(4)2−. Mg(2) shares two triangular faces
formed between Se(3)1−, Se(4)1−, and Se(5)2−, such that two
edges of Mg(2) Se8 octahedron is formed by the (Se2)

2− bond
between Se(4) and Se(5) (Fig. 4a). In this way, chains of [V4Se18]N
that are separated by vdW gaps in V2Se9 are connected in
Mg1.35V2Se9 through Se–Mg–Se bonds (Fig. 4b).

The structural model for Mg1.35V2Se9 was used as a starting
model for renement against SXRD data for other ex situ
samples of MgxV2Se9 aer discharging (0# x# 1.35): 1.6 V (x =
0.15); 1.3 V (x= 0.47); 0.8 V (x= 1.35); and aer charging: 1.65 V
(x = 0.97) and 2.2 V (x = 0.00). Rened Rietveld parameters and
ts are given in Fig. S15 and Tables S8–S11.†

Renement of Mg site occupancies shows Mg content in
MgxV2Se9 increases as potential is decreased (Fig. S16a†). Aer
discharging from the OCV (1.8 V) to 1.6 V the occupancy of
Mg(1) increases to 0.227(17), while Mg(2) is only 0.061(17).
Mg(1) occupancy continues to increase rapidly to 0.553(14) by
1.3 V and more slowly to 0.596(11) by 0.8 V; suggesting that
Mg(1) is lled more easily in the earlier stages of electro-
chemical discharge, as would be expected given the larger
octahedral volume and low charge density Se1− coordination of
this site. The occupancy of Mg(2) increases to 0.263(14) by 1.3 V
and 0.402(12) by 0.8 and is therefore lled more easily in the
later stages of discharge, but to a lesser degree than Mg(1). This
supports the measured PITT data (Fig. 1c), which shows faster
kinetics in the early stages of Mg insertion before decreasing
later in the discharge process. The preferential occupation of
Mg(1) over Mg(2) is likely attributed to favorable kinetics asso-
ciated with the interaction of high-charge density Mg2+ with the
lower charge density Se1− (to which Mg(1) has a higher coor-
dination) compared to Se2−. None of the Mg sites observed
through ex situ structural analysis are fully occupied and, likely,
the higher capacities recorded for non-ex situ cells (Fig. 1b and
d) are the result of greater occupancy of these sites with
increased Mg insertion due to the difference in cell preparation.
Upon charging from 0.8 to 2.2 V, renement shows that
magnesium is de-intercalated from Mg1.35V2Se9, reforming
V2Se9.

To better understand the facile Mg2+ insertion kinetics
observed by PITT, Mg2+ ion conduction pathway energy land-
scapes were calculated from so bond valence parameters by
bond valence pathway analysis (BVPA) (further details are given
in the ESI†).58 2D and 2D Mg2+ diffusion pathways are observed
32354 | J. Mater. Chem. A, 2024, 12, 32349–32358 This journal is © The Royal Society of Chemistry 2024
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Fig. 5 (a) Ex situ Raman spectroscopy of V2Se9 (black), Mg1.35VSe9
(orange) after discharging to 0.8 V and V2Se9 after charging (Ch) to
2.2 V (cyan). (b and c) XPS spectra of MgxV2Se9 collected at various
stages of discharge/charge. (b) Mg 2p collected at a pass energy of
200 eV and scaled using the Se 3d signal. (c) Se 3d XPS collected at
a pass energy of 40 eV. Both Se 3d5/2 and Se 3d3/2 contributions are
shown for each Se species: (Se2)

2− (light blue) and Se2− (orange). The
sum of orbital contributions is shown as the purple envelope relative to
the observed data (black circles). The Se 3d5/2 and 3d3/2 spin–orbit
components of each oxidation state were constrained based on
relative position, D = 0.86 eV, and intensity ratio = 0.735. The relative
areas of Se2−/(Se2)

2− for V2Se9 were constrained at 1/8, to reflect the
nominal formula V2

5+(Se2)
2–

4Se
2−. Normalized (d) Se K-edge and (e) V

K-edge XANES data measured in transmission for V2Se9 (black),
Mg1.35V2Se9 (discharged 0.8 V, orange), and V2Se9 (charged 2.2 V,
cyan). Inset panels show enlarged profile of the absorption edges at 12
658 eV and 5465 eV, respectively.
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in V2Se9, with energy barriers ranging from 0.140 to 0.742 eV
(Fig. S17 and S18†).44–46

Locally, this results in minimal strain induced on the indi-
vidual [VSe8] polyhedra, which is evidenced by minimal change
to average V–Se and Se–Se distances between V2Se9 and
Mg1.35V2Se9 (2.57(5) Å to 2.55(4) Å for V–Se; and 2.716(12) Å to
2.728(18) Å for Se–Se, respectively). The relatively small changes
in V–Se distances are in line with other vanadium chalcogenide
materials aer electrochemical insertion of Mg2+: V–O distances
in MgV2O5 increase by only 0.03 Å compared to V2O5 (1.49 Å to
1.52 Å)59 and V–S distances in Mg1.5VS4 increase by only 0.04 Å
compared to VS4 (2.40 Å to 2.44 Å).25 The lower charge density of
Se, compared to O and S, as well as the lower Mg/V ratio for
Mg1.35V2Se9 result in little to no change in the average V–Se
bond length between V2Se9 and Mg1.35V2Se9. The minimal
change in Se–Se distances between V2Se9 and Mg1.35V2Se9
indicates that (Se2)

2− bonds are maintained aer Mg2+ inser-
tion, unlike VS4 (ref. 25) and V2PS10 (ref. 28) where S–S bonds
break upon discharge (increasing in length by up to 15%). A full
comparison of bond lengths for V2Se9 and MgxV2Se9 (0 # x #

1.35) is provided in Table S12.†
More signicant structural perturbation is observed in the

relative positions of the [V4Se18]N chains across the vdW space,
which are inuenced by the location of the Mg sites. The V–V
interchain distances between vanadium sites adjacent to Mg(1)
increase by 0.1% (from 7.394(9) Å in V2Se9 Å to 7.401(9) Å) in
Mg1.35V2Se9 (Fig. 4b and c). This is different to the V–V inter-
chain distances between vanadium adjacent to the lesser
occupied Mg(2) site contract by 2% (from 6.625(10) Å to 6.495(9)
Å). This suggests that at low levels of Mg2+ occupancy, the
selenium anionic framework of the [V4Se18]N chains are
attracted towards the high charge density intercalated ion. For
x(Mg) = 1.35 in Mg1.35V2Se9, this attractive force dominates,
and the distance between [V4Se18]N chains decreases in all
directions (Fig. S16b†).25,28,59 The shortest inter-chain Se–Se
distances decrease from 3.443(6) to 3.419(7) Å for Se1–Se2 and
from 3.521(4) Å to 3.419 Å for Se2–Se5. This leads to contraction
of the a, b, and c lattice parameters, each with an approximately
equal induced strain of 0.1%, resulting in a 0.3% decrease in
unit cell volume from 1063.225(19) Å3 in V2Se9 to 1059.511(18)
Å3 in Mg1.35V2Se9 (Fig. S16c†). Aer charging, the unit cell
returns to 1062.988(13) Å3, with lattice parameters close to that
of V2Se9.

Spectroscopic methods were used to further examine the
changes in the electronic structure of V2Se9 upon Mg insertion.
Both V2Se9 and Mg1.35V2Se9 crystalize in C2/c symmetry (crystal
class 2/m). Group-theory analysis identies 33 Raman active
modes for V2Se9. V and 4 of the Se sites that make up the (Se2)

2−

groups occupy 8f Wyckoff positions, each with 3 Ag and 3 Bg

active modes, while Se2− occupies a 4e site with 1 Ag and 2 Bg

active modes (Tables S13–S15†).60,61 Low structural symmetry
results in overlapping modes and produces the convoluted
spectra observed for V2Se9 in Fig. 5a. Similarly to Raman spectra
of isostructural Nb2Se9 (ref. 62) and related VS4,47 the spectrum
can be divided into two regions; with phonons in the low-
wavenumber range, between 105 and 175 cm−1, assigned to
V–V and V–Se bending and stretching modes, and a high-
This journal is © The Royal Society of Chemistry 2024
wavenumber range, between 268 and 346 cm−1 (relating to
shorter chemical bonds), assigned to Se–Se stretching and
twisting as Se cage-breathing (Table S16†).

Ex situ Raman spectra collected for Mg1.35V2Se9 (Fig. 5a)
contain similar 33 Raman active Ag and Bg modes as V2Se9 as
the octahedrally coordinated Mg2+ occupies 4a and 4b Wyckoff
positions and possess no Raman active modes (Table S15†). The
decrease in the intensity of signals observed between 268 and
346 cm−1 is the result of electron delocalization away from
(Se2)

2− towards the Raman inactive Mg site, to which all (Se2)
2−

are coordinated, resulting in reduced polarizability, and
J. Mater. Chem. A, 2024, 12, 32349–32358 | 32355
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dampening of the Raman signal.63 Additionally, coordination of
(Se2)

2− to Mg2+, as well as the presence of Mg sites between
[V4Se18]N chains, will limit the movement of Se sites to
stretching, twisting, and breathing, further decreasing signal
intensity. Aer charging to 2.2 V intense peaks in the high-
wavenumber range are recovered supporting Mg de-insertion
from the bulk.

X-ray photoelectron spectroscopy (XPS) measurements show
the formation of peaks at 1303.2 eV, 89.0 eV, and 49.8 eV in
Mg1.35V2Se9 aer discharge that are not present in V2Se9. These
signals relate to Mg 1s, Mg 2s, and Mg 2p core levels, respec-
tively (Fig. S22†), and relate to Mg insertion aer discharging to
0.8 V. The low energy of the Mg 2p signal corresponds to higher
kinetic energy electrons and is capable of probing deeper than
Mg 1s and Mg 2s, and as such suggests that Mg is present
beyond the immediate surface in Mg1.35V2Se9.64 The intensities
of the Mg peaks is much lower aer charging to 2.2 V, sup-
porting Mg de-insertion (Fig. 5b), with the slight Mg signal that
remains likely being due to the presence of surface species,
which would explain why this feature is more prominent for the
more surface sensitive Mg 1s and Mg 2s cores than Mg 2p.65

The Se 3d XPS signals contain contributions from both Se2−

and (Se2)
2− oxidation states (Fig. 5c and S23†). In V2Se9, the

binding energy of the Se2− 3d5/2 signal is at 53.4 eV; comparable
to other vanadium selenide materials containing Se2−.66–68 The
higher oxidation state Se1− 3d5/2 signal is at a higher binding
energy of 54.4 eV due to the increased interaction between the
photo-emitted electron and the ion core.69 The (Se2)

2− 3d5/2
signal is maintained at 54.4 eV in both V2Se9 and Mg1.35V2S9.
The Se2− 3d5/2 shows a slight shi in Mg1.35V2Se9 relative to
V2Se9 (from 54.7 eV to 53.7 eV) though its position is maintained
aer charging to 2.2 V. This is indicative of slight irreversible
structural change occurring upon initial discharging supported
by the signal broadening observed for both 0.8 V and 2.2 V
samples. The relative areas of the Se2−/(Se2)

2− signals is main-
tained at close to 1/8 (as in V2Se9); suggesting that Se is redox
inactive between 0.8-2.2 V for x(Mg) 0 # x # 1.35, in agreement
with the structural analysis via SXRD.

X-ray Absorption Near-Edge Spectroscopy (XANES)
measurements of Se and V K-edges were used to monitor
changes in the oxidation state of bulk MgxV2Se9 at the various
stages of electrochemical cycling. Similarly to the Se 3d XPS
measurements, there is no change in Se edge position observed
by XANES upon discharge or charge (Fig. 5d). An average Se
oxidation state between −1.08 and −1.11 is maintained
between V2Se9, Mg1.35V2Se9, and aer charging to V2Se9 indi-
cating the redox inactivity of Se (Fig. S24†). This differs from VS4
(ref. 25) and V2PS10 (ref. 28) which show changing contributions
from signals relating to S2− and (S2)

2− as S–S bonds are broken
and reformed. Se has a lower electronegativity compared to S,
meaning Se2− is less readily formed than S2− or O2− which may
explain why V2Se9 is anionic redox-inactive. While reversible
cleavage of (Se2)

2− has been observed in molecular systems,70 in
solid materials Se–Se bonding is almost certainly less prone to
redox activity than S–S or O–O. Cleavage of (Se2)

2− bonding in
MgxV2Se9 may be the cause of irreversible electrochemistry
below 0.8 V. The V K-edge XANES edge position decreases from
32356 | J. Mater. Chem. A, 2024, 12, 32349–32358
5471.0 eV for V2Se9 to 5470.5 eV for Mg1.35V2Se9 aer discharge,
indicating a reduction from V5+ (Fig. 5e). Insertion of 0.675Mg2+

per V requires the reduction of V5+ to V3.65+. Upon charging, the
vanadium edge energy and absorption prole return to that of
V2Se9 (5471.0 eV), suggesting reversible redox processes take
place on the V site and are responsible for Mg intercalation.

Conclusions

V2Se9 is capable of storing up to 1.6 Mg2+ (106 mA h g−1) within
the vdW spaces between its constituent one-dimensional
chains. Detailed structural characterization by SXRD and
MEM supports homogeneous distribution of Mg2+ ions within
V2Se9, supporting an insertion-type electrochemical process
without the formation of metallic V or MgSe that would be
associated with a conversion-type reaction. Insertion of Mg2+ is
facilitated by reversible redox on the V site, while (Se2)

2− is not
redox active over the achieved levels of discharge. The octahe-
dral coordination of Mg2+ results in minimal strain on the
[VSe8] polyhedra, allowing for small changes in bond distances
during Mg insertion, resulting in V2Se9 displaying exceptional
Mg2+ diffusion kinetics, with diffusion coefficients surpassing
state-of-the-art cathode materials such as Mg2Mo6S8. Calculated
bond valence parameters support diffusion pathways with low
energy barriers to ion mobility are available to inserting Mg2+.
The one-dimensional structure of V2Se9 combined with the low
charge density of coordinating (Se2)

2− and Se2− anions enables
rapid access to Mg2+ sites which enhances kinetic performance.
Despite the larger mass of Se relative to S, V2Se9 can achieve
comparable capacity to high-performance sulde materials like
Mo6S8, whilst operating with faster diffusion kinetics, helping
to overcome the kinetic limitations that have perpetually
hindered Mg2+ electrodes. This work motivates further investi-
gation of tuning the anion chemistry of the wide range of known
low-dimensional transition metal chalcogenides to improve
kinetic performance of multivalent electrodes.
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