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Abstract 

Chemical preintercalation of layered materials, used as electrodes in intercalation-based energy 

storage devices, represents a promising strategy to enhance electrochemical stability and extend 

cycle life. However, standardized synthesis approaches for the chemical preintercalation of diverse 

ions into various layered materials are lacking, necessitating the development of specific synthesis 

routes for each ion and layered phase combination. In this study, we present the first successful 

demonstration of Mg2+ ion chemical preintercalation into the interlayer region of α-MoO3, 

revealing its stabilizing effect during cycling in non-aqueous Li-ion cells. Using ethanol during 

hydrothermal treatment facilitated molybdenum reduction, which was critical for Mg2+ ion 

preintercalation. Interestingly, we found that Mg preintercalation was accompanied by the 

incorporation of water. Mg-preintercalated α-MoO3 exhibited enhanced charge storage capacity, 

electrochemical stability, and power capability compared to pristine α-MoO3 electrodes. This 

improved performance is attributed to the structural stabilization provided by Mg2+ pillars, which 

prevent undesirable phase transformations during repeated Li intercalation/deintercalation, and 

increased Li+ ion diffusion due to the shielding of electrostatic interactions between 
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electrochemically cycled ions and the α-MoO3 lattice, enabled by structural water. Our study offers 

new insights into developing chemical preintercalation synthesis approaches that can be broadly 

applied to a wide range of pillaring ions and layered material hosts. 
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Introduction 

The proliferation of portable electronic devices, the electrification of transportation, and 

the growing need for grid-scale renewable energy technologies have driven the demand for novel 

electrode materials that can repeatedly and reliably store energy as charges in electrochemical 

energy storage systems [1, 2]. Of the numerous electrode material chemistries that have been 

explored, layered transition metal oxides (LTMOs) that possess open channels for ion intercalation 

and are redox active with respectable theoretical specific capacities are established as the 

prominent candidates for electrochemical energy storage applications [3-5]. Nevertheless, despite 

their high theoretical capabilities, the performance of these materials is often hindered by practical 

challenges, with stability during electrochemical cycling being a significant concern [6, 7]. 

 An efficient strategy for addressing the challenge of LTMO electrode instability in 

electrochemical systems is the chemical preintercalation of foreign species into the host oxide 

structure [8, 9]. The chemically preintercalated ions serve as pillars in the gallery space of the 

LTMO that enhance structural robustness during electrochemical intercalation and deintercalation 

[8, 10]. Previous reports have demonstrated the promise of this approach to stabilize LTMO 

systems. For instance, studies have demonstrated that advancements in the cycling stability of 

layered and tunneled manganese oxide (MnO2) electrodes in Li-ion, K-ion, and Zn-ion cells can 

be realized through the synthetic preintercalation of K+ ions, with the prepotassiated MnO2 

electrode materials showing suppressed phase transitions under electrochemical conditions and 

reduced dissolution in both aqueous and non-aqueous electrolytes [11-13]. Because of the ease of 

synthesis, chemical preintercalation is widely studied for bilayered vanadium oxide (BVO, 𝛿-

V2O5·nH2O) electrodes; the electrochemical stabilization effect of chemically preintercalated 

alkali, alkaline-earth and transition metal ions has been demonstrated [14, 15]. The chemical 

preintercalation of Mg2+ ions into the BVO structure is of particular interest because it resulted in 

the greatest improvements in cycling stability [16, 17]. However, the bivalent nature of the 

magnesium ion presents inherent challenges that complicate its chemical preintercalation. 

Consequently, the process of incorporating Mg2+ ions into the interlayer region of other LTMOs 

presents considerable difficulties. 

 One extensively investigated LTMO electrode material with particularly promising 

properties is orthorhombic molybdenum trioxide (⍺-MoO3). It crystallizes in the Pbnm space 

group, and its structure is characterized by bilayers of edge- and corner-sharing distorted MoO6 
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octahedra separated by a van der Waals gap. Notably, its interlayer distance of 6.9 Å [18, 19] is 

larger than those of commonly employed active cathode materials such as lithium nickel 

manganese cobalt oxide and nickel cobalt aluminum oxide (4.7-4.8 Å) [20, 21], which is beneficial 

for ion diffusion. Furthermore, the high +6 oxidation state of Mo combined with a capability of 

multiple electron redox steps favors high-capacity charge storage [22]. However, the cycling 

performance of ⍺-MoO3 is limited by the aforementioned issue of electrochemical instability, with 

rapid capacity fading attributed to irreversible structural transformations and parasitic side 

reactions upon continuous cycling in both aqueous and non-aqueous electrochemical systems [23-

25]. Stabilization strategies such as doping the electrode material at the transition metal site [26], 

creating heterointerfaces with conductive species [27, 28], incorporating anionic vacancies [29], 

and combining these approaches [30, 31] have been shown to substantially improve the 

electrochemical stability of transition metal-based electrode materials. However, these strategies 

cannot be easily applied to ⍺-MoO3 electrodes. 

 The chemical preintercalation approach has been shown to improve the stability of ⍺-

MoO3. In the pioneering report of this strategy, it was found that ⍺-MoO3 preintercalated with Li+ 

ions by stirring the pristine oxide in a LiCl solution followed by hydrothermal treatment at 180 °C 

showed 32 % greater capacity retention in a Li-ion cell after 15 cycles [19]. Similar improvements 

were observed in a study where Na+ ions were preintercalated into ⍺-MoO3 by hydrothermally 

treating the oxide in a NaCl solution containing polyethylene glycol molecules at 180 °C and 

annealing the product at 400 oC [18]. The amount of preintercalated Na+ ions was tuned by varying 

the NaCl solution concentration, and interestingly, the greatest improvement in cycling stability in 

Li-ion cells (27.7 % greater capacity retention compared to pristine ⍺-MoO3 electrodes) was 

attained for the minute preintercalated Na+ concentration of 0.072 Na atoms per Mo atom. 

Similarly prepared Na-preintercalated ⍺-MoO3 electrodes showed improved electrochemical 

stability in aqueous zinc/sodium batteries, with 79.2 % of specific capacity retaining after 500 

cycles at 1 A g-1 as compared to 42.8 % for pristine ⍺-MoO3 cycled under the same conditions 

[32]. Additionally, successful chemical prepotassiation and its effect on charge storage properties 

was reported for the ⍺-MoO3 phase. Oxygen deficient K-preintercalated ⍺-MoO3 was synthesized 

by first hydrogenating ⍺-MoO3 in H2/Ar at 350 °C followed by a reaction with KBH4 in ethanol 

under stirring. The obtained KyMoO3-x allowed the intercalation of Li+, Na+, K+ and Mg2+ ions 

from aqueous electrolytes [33]. In a separate study, different amounts of K+ ions were chemically 
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preintercalated into the ⍺-MoO3 structure by hydrothermally treating a mixture of 

(NH4)6Mo7O24·4H2O with a certain amount of KCl in water/n-butyl alcohol at 180 °C, followed 

by annealing at 400°C in air to enhance the KxMoO3 crystallinity. To improve electronic 

conductivity, the obtained K-preintercalated molybdenum oxides were coated with carbon via 

sucrose treatment and subsequently annealed for carbonization. In the obtained KxMoO3@C series 

of materials, K0.046MoO3@C showed the highest electrochemical performance, with a capacity 

retention of 83.9 % after 500 cycles in Li-ion cells at a current density of 1500 mA g-1 [34]. Finally, 

another study discovered that composite electrodes composed of sulfur (S) and ⍺-MoO3 

preintercalated with tin (Sn2+) up to 0.063 Sn atoms per Mo atom by stirring the pristine oxide in 

a solution of SnCl2, tartaric acid, and acetone showed extended cycle life capabilities in lithium-

sulfur batteries compared to similar composite electrodes consisting of pristine ⍺-MoO3 and S 

[35]. The enhanced electrochemical performance of chemically preintercalated ⍺-MoO3 electrodes 

was attributed to improved structural stability enabled by the bonds between inserted metal ions 

and oxygen atoms in Mo-O layers, the enlarged size of the interlayer region, facilitating the 

diffusion of electrochemically cycled ions, and the mixed oxidation state of Mo, leading to 

increased electronic conductivity. However, there have been no reports of the chemical 

preintercalation of doubly charged alkaline earth metal ions – particularly, Mg2+ ions – into ⍺-

MoO3. This leaves uncertainty regarding whether Mg2+ ions can be chemically inserted in the 

interlayer region of this phase and whether they can stabilize ⍺-MoO3 electrodes similarly to Li+, 

Na+ and K+ ions. 

 Herein, we report synthesis conditions that allowed us to successfully incorporate Mg2+ 

ions into the structure of ⍺-MoO3 via a hydrogen peroxide-induced transformation of metallic 

molybdenum powder in the presence of MgCl2 followed by hydrothermal treatment and annealing 

in air. Chemical preintercalation of magnesium was confirmed through comprehensive 

characterization of the material composition and structure. MgxMoO3 electrodes showed improved 

specific capacities and cycling stability as compared to the pristine ⍺-MoO3 phase, affirming the 

ubiquitous stabilizing role of interlayer chemically preintercalated ions. The developed synthesis 

route offers promising prospects for realizing ⍺-MoO3 chemically preintercalated with various 

alkali and alkaline-earth ions. This approach holds potential for establishing relationships between 

the chemical composition, structure and charge storage properties of ⍺-MxMoO3 (M = Li, Na, K, 
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Mg, Ca) electrodes, not only in the Li-ion system but also across other types of intercalation 

batteries. 

 

Experimental Methods 

Synthesis of ⍺-MgxMoO3 and ⍺-MoO3 reference material 

The developed synthesis approach is based on the method used to achieve chemical 

preintercalation of dopamine followed by carbonization to prepare α-MoO3-δ/C electrode materials 

[36]. To synthesize ⍺-MgxMoO3, 0.75 g of molybdenum (Mo) powder (Alfa Aesar) was dissolved 

in 7.5 ml of 4 M MgCl2 (Fisher Scientific) aqueous solution via the dropwise addition of 7.5 ml of 

hydrogen peroxide solution (30 wt % H2O2, Alfa Aesar) over 1.5 h under continuous magnetic 

stirring. The MgCl2 concentration was selected to ensure an excess of Mg2+ ions with respect to 

molybdenum concentration in the reacting mixture. Upon complete dissolution of Mo powder (~12 

h), the resulting solution was transferred to a Teflon-lined autoclave to which 100 µL of ethanol 

was added. Ethanol concentration was limited to 100 µL to prevent molybdenum reduction to its 

+4 oxidation state and formation of MoO2 phase. Hydrothermal treatment of this solution at 220 

oC for 24 h produced a precipitate that was isolated by vacuum filtration with ~ 1000 ml of 

deionized water (15 MΩ) and dried at 105 oC for 5 h. The dry powder was ground with a mortar 

and pestle for 15 min. Finally, 150 mg of the powder material was placed in a box furnace and 

annealed in air at 400 oC for 5 h to fully oxidize reduced Mo species and enhance material 

crystallinity. The pristine α-MoO3 material was synthesized similarly but in the absence of MgCl2 

in the initial dissolution step and ethanol in the hydrothermal treatment step. 

 

Materials Characterization 

 Scanning electron microscopy (SEM) was used to image the particle morphology, and 

energy-dispersive X-ray spectroscopy (EDS) was used to analyze the materials’ chemical 

composition. SEM images were collected using a Zeiss Supra 50VP (Germany) scanning electron 

microscope equipped with an EDS probe. EDS spectra were collected at a working distance of 15 

mm and an accelerating voltage of 8 keV.  

Atomic absorption spectroscopy (AAS) was used to quantitatively analyze the value of x 

in ⍺-MgxMoO3. The calibration curve was developed using 4 magnesium standard solutions with 

concentrations of 0.05, 0.10, 0.15, and 0.20 µg mL-1 prepared by diluting a 1000 µg mL-1 
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magnesium standard with analytical grade water. The AAS sample was prepared by dissolving ~ 

10 mg of ground ⍺-MgxMoO3 powder in a beaker with analytical grade deionized water by adding 

1 drop of 30 wt % H2O2 (Alfa Aesar), sonicating for 10 min, then dispersing the solution in a 100 

mL volumetric flask. The final concentration was determined by transferring 20 mL of the solution 

and further dispersing in a 100 mL volumetric flask. The magnesium concentration was analyzed 

using an AA-7000 flame atomic absorption spectrometer (Shimadzu, Japan) with acetylene as the 

fuel and compressed air as the supplementary gas. The magnesium cathode lamp was warmed up 

for 5 minutes in advance of the measurements. 

X-ray diffraction (XRD) measurements were conducted using a Rigaku SmartLab X-ray 

diffractometer (Japan) with Cu Kα radiation to analyze the phase composition of the materials. 

The XRD patterns were collected in a 2θ range of 3° to 60° and with a step size of 0.02°. Powders 

of analyzed materials (pristine ⍺-MoO3 or ⍺-MgxMoO3) were mixed with a reference silicon (Si) 

powder in a 3:1 mass ratio for XRD measurements, and the Si diffraction peaks were used to align 

the diffractograms of the materials. Thermogravimetric analysis (TGA) measurements were 

performed in air from room temperature to 1000 oC using a TA Instruments Q50 (TA Instruments, 

USA) instrument and a heating rate of 10 oC min-1. Fourier-transform infrared spectroscopy (FTIR) 

was used to gather further details on the structure and the chemical composition of the synthesized 

materials. Pellets for transmission FTIR measurements were prepared by grinding 0.5 mg of ⍺-

MoO3 or ⍺-MgxMoO3 with 150 mg of KBr powder and pressing a 13 mm diameter pellet at 8 

metric tons for 1 min. Transmittance spectra were obtained from 400 to 4,000 cm−1 using a Bruker 

Invenio® FTIR spectrometer. XPS measurements were recorded on a Physical Electronics 

VersaProbe 5000 using a monochromatic Al Kα source and Ar+ charge compensation. The high-

resolution spectra at Mo 3d, O 1s, and Mg 1s regions were taken at a pass energy of 23.5 eV with 

a step size of 0.05 eV. Peak fitting and data analysis were carried out using CasaXPS software. A 

linear background was applied for quantification analysis. Scanning transmission electron 

microscopy (STEM) images and energy-dispersive X-ray spectroscopy (EDS) maps were acquired 

on a JEOL NEOARM aberration-corrected analytical STEM in the Center for Nanophase 

Materials Sciences (CNMS) at Oak Ridge National Laboratory (ORNL) that is equipped with dual 

JEOL SDD EDS detectors. The instrument was operated at 200 keV with a semiconvergence angle 

of ~ 28 mrad and EDS. JEOL Analysis Station was used to generate elemental maps by binning 
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the data in real space from 512 × 512 to 64 × 64 to increase the signal-to-noise ratio and displaying 

the background-subtracted net intensities of the relevant elements. 

 

Electrochemical Testing and Analysis 

Electrochemical testing was performed using the 2032-type coin cell configuration. The 

working electrodes were fabricated by casting slurries which contained 80 wt % of active material, 

10 wt % of carbon black, and 10 wt % of poly(vinylidene fluoride) (PVDF, Kynar Flex, Arkema, 

USA) on aluminum foil. The working electrodes were dried at 105 ℃ under vacuum overnight, 

and then transferred to an argon-filled glove box. The current densities and specific capacities 

exhibited by the cells were normalized by 80 wt % of the dried electrode mass in agreement with 

the active material content. Lithium metal chips (99.9 %, battery grade, AOT Battery Technology) 

were used as both counter and reference electrodes. Potentials are reported with respect to the 

Li/Li+ reference couple. LP40 (Gotion, USA) and Celgard 2325 served as the electrolyte and the 

separator, respectively. Cyclic voltammetry (CV) curves were acquired using a Biologic VMP3 

potentiostat, and galvanostatic cycling tests were performed using a multichannel electrochemical 

workstation (Arbin Instruments, USA) within a voltage window of 1.5 to 3.5 V. All cells were 

rested for 1 h upon assembly and cycled at room temperature. The electrochemical impedance 

spectroscopy (EIS) experiments were performed using VMP3 potentiostat (Biologic, USA) by 

applying a sinusoidal alternating potential in a frequency range between 10 mHz and 200 kHz. 

The data were acquired during the first (at open circuit voltage (OCV), 0% state-of-charge (SOC), 

and 100% SOC) and tenth (at 0% SOC and 100% SOC) galvanostatic discharge/charge cycles in 

a potential window of 1.5 – 3.5 V vs Li/Li+ at a current density of 100 mA·g-1.   
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Results and Discussion 

 

Figure 1. Schematic illustration of the approach to synthesizing pristine ⍺-MoO3 (top panel) and 

Mg-preintercalated ⍺-MoO3 (⍺-MgxMoO3, bottom panel). 

 

Chemical preintercalation of Mg2+ ions into ⍺-MoO3 structure was enabled by modifying 

synthesis parameters starting from the conditions used to prepare pristine ⍺-MoO3 nanobelts and 

α-MoO3-δ/C nanoflowers [36, 37]. Specifically, ethanol was added to the synthesis mixture during 

the hydrothermal treatment step to facilitate molybdenum reduction, which is needed to 

incorporate additional positive charge brought by Mg2+ ions. A similar strategy was used to 

achieve chemical prepotassiation of ⍺-MoO3 [33]. Additionally, the material obtained after 

hydrothermal treatment was thoroughly ground and annealed at 400 ºC in air to enhance the 

crystallinity of the samples, similar to the K-preintercalated ⍺-MoO3 [34]. The strategies adopted 

to synthesize the pristine ⍺-MoO3 material and the Mg-containing ⍺-MgxMoO3 material are shown 

schematically in Figure 1, while characteristic digital photographs of the specimens before and 

after Mo dissolution, after hydrothermal treatment at 220 oC, and after annealing in air at 400 oC 

are depicted in Figure S1 (Supporting Information). In the case of ⍺-MoO3, the dissolution of 

Mo resulted in a transparent yellow solution. Hydrothermal treatment at 220 oC for 24 h produced 

an off-white powder and annealing at 400 oC for 5 h in air produced a white ⍺-MoO3 material. In 
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the case of ⍺-MgxMoO3, the differences in reaction pathways and final product, as compared to ⍺-

MoO3, were obvious from visual observations (Figure S1, Supporting Information). The initial 

dark grey suspension consisting of Mo particles dispersed in a 4 M MgCl2 solution transformed to 

a clear, brick-orange solution upon complete Mo dissolution. Hydrothermal treatment of this 

solution at 220 oC for 24 h with the addition of 100 µL ethanol resulted in a dark blue powder 

while annealing at 400 oC for 5 h in air produced a light blue/grey ⍺-MgxMoO3 material.  

 

 

Figure 2. SEM images of (a) pristine ⍺-MoO3 and (b) ⍺-MgxMoO3 particles. Corresponding EDS 

maps are shown as insets. 

 

SEM images of pristine ⍺-MoO3 and ⍺-MgxMoO3 powders are shown in Figure 2, with 

characteristic EDS maps presented as insets. ⍺-MoO3 (Figure 2a) crystallizes as nanobelts, with 

the lengths of the nanobelts varying from 100 nm to over 5 µm because of the grinding process 

adopted prior to the final annealing step during synthesis. This morphology has been widely 

reported for ⍺-MoO3 synthesized through aqueous dissolution and hydrothermal reactions [36-39]. 

The corresponding EDS map (Figure 2a, inset) shows prominent peaks at 0.5 KeV and 2.3 KeV 

that confirm the presence of O and Mo atoms, respectively. Unlike ⍺-MoO3, which adopts a 

uniform particle morphology, ⍺-MgxMoO3 displays two distinct morphologies consisting of 

spherical agglomerates of nanometer-sized particles interspaced with larger intimately interfacing 

micron-sized platelets, with the former being more abundant (Figure 2b). The platelets resemble 

segments of nanobelts, similar to those observed in the SEM images of ⍺-MoO3, presumably 

formed through the grinding of original, long nanobelts. In addition to the aforementioned Mo and 

O signals, a peak at 1.3 KeV that is indicative of Mg presence is observed in the corresponding 

EDS map of ⍺-MgxMoO3. An analysis of the relative Mg and Mo atomic percentages determined 
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using AAS measurements revealed a Mg/Mo atomic ratio of 0.0598 (Figure S2, Table S1). This 

order of magnitude of preintercalated ions is consistent with those reported in previous studies of 

⍺-MoO3 with Na+, K+ and Sn+ ions, with 0.072 Na, 0.046 K and 0.028 Sn atoms preintercalated 

per Mo atom, respectively [18, 34, 35]. For further discussion, we will round this value to 0.06 and 

represent the Mg preintercalation degree with the chemical formula of ⍺-Mg0.06MoO3. The 

phenomenon of dual morphology evinced by ⍺-Mg0.06MoO3 is explainable by the hypothesis that 

the agglomerated particles are Mg-preintercalated ⍺-MoO3, while the particles with the platelet 

morphology, that is reminiscent of pristine ⍺-MoO3 particles, correspond to those where Mg-

preintercalation did not occur. Indeed, this suggests the coexistence of Mg-containing structures 

and non-Mg-containing structures in ⍺-Mg0.06MoO3. 

 

 

Figure 3. HAADF-STEM image and corresponding EDS elemental maps of O, Mg, and Mo in 

the ⍺-Mg0.06MoO3 material. Arrows indicate a nanobelt, which contained significantly less Mg 

than the surrounding spherical agglomerate regions. 
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 The proposed correlation between the particle morphologies and chemical composition 

was verified via STEM imaging combined with EDS mapping. Figure 3 shows a high-angle 

annular dark-field (HAADF) STEM image of a region containing both a nanobelt and spherical 

agglomerates in ⍺-Mg0.06MoO3 (a second region is displayed in Figure S3). STEM-EDS revealed 

that the spherical agglomerate particles had a significantly higher Mg content than the nanobelts. 

These observations were consistent across the material – with a combination of nanobelts and 

spherical agglomerates present, spherical agglomerates were generally more prevalent than 

nanobelts, and spherical agglomerates had higher Mg content. Despite the presence of a small 

fraction of non-premagnesiated phase in the material synthesized with MgCl2, we will call it ⍺-

Mg0.06MoO3 throughout the manuscript to distinguish it from the reference ⍺-MoO3 material. 

 

 

Figure 4. Structural and chemical analysis of pristine ⍺-MoO3 and ⍺-Mg0.06MoO3 materials. (a) 

XRD patterns with reflections indexed to the orthorhombic MoO3 phase (⍺-MoO3, JCPDS No. 05-

0508) in the Pbnm space group and the (020) reflection of both materials shown in the inset. The 

asterisked reflections are from a reference Si powder. (b) FTIR spectra from 400 to 4000 cm-1, 

with the spectra from 400 to 1200 cm-1 shown in the inset. (c) TGA weight loss curves; the 

temperature range is chosen to avoid showing a 100% weight drop caused by ⍺-MoO3 sublimation 

above 700 °C. 

 

X-ray diffractograms for the pristine ⍺-MoO3 and ⍺-Mg0.06MoO3 are shown in Figure 4a. 

The diffractograms of both materials show similar patterns, with prominent peaks that are indexed 

to the orthorhombic MoO3 (⍺-MoO3, JCPDS No. 05-0508) phase. Nevertheless, peaks in the XRD 

pattern of ⍺-Mg0.06MoO3 generally have wider full widths at half maximum, indicating greater 

disorder in its crystal structure likely due to the effect of sparsely preintercalated Mg2+ ions on the 

periodicity of the crystal structure. The difference in peak intensities observed in the XRD patterns 

of ⍺-MoO3 and ⍺-Mg0.06MoO3 phases are caused by the texturing effect typical for ⍺-MoO3 
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nanobelts, which is not as pronounced in the case of the ⍺-Mg0.06MoO3 powder. In the latter, the 

predominantly spherical agglomerates do not show a tendency to adopt a specific orientation 

(Figure 2b). The absence of discernable secondary phases in the diffractogram of ⍺-Mg0.06MoO3 

supports the proposition that both morphologies exhibited by the material are of an ⍺-MoO3 crystal 

structure, with the morphological differences occurring due to Mg-preintercalation in the regions 

where particle agglomeration is observed. Interestingly, as shown by the inset in the XRD graph, 

an increase of only ~ 0.034 Å is observed in the (020) d-spacing of ⍺-Mg0.06MoO3 compared to 

pristine ⍺-MoO3. In the seminal study of Li-preintercalated ⍺-MoO3, lithiation resulted in a similar 

(020) d-spacing increase of 0.065 Å [19]. The finding in the present study thereby suggests that 

the comparatively smaller ionic radius and higher charge density of Mg2+ results in increased 

electrostatic attractions between the preintercalated species and the host bilayers upon the 

introduction of Mg2+ into the interlayer region. 

Figure 4b presents the FTIR spectra of pristine ⍺-MoO3 and ⍺-Mg0.06MoO3. The spectra 

of both materials are consistent with those reported in existing studies of the structure of ⍺-MoO3. 

The band near 1000 cm-1 arises due to the vibrations of Mo=terminal O bonds. The bands near 870 

and 600 cm-1 are attributable to the vibrational modes of bridging Mo-O bonds in which O atoms 

are linked to two and three Mo atoms, respectively [19, 40]. The ⍺-Mg0.06MoO3 FTIR spectrum 

shows no additional vibrational modes and no discernable vibrations from a secondary crystal 

structure, thereby further confirming that the chemical preintercalation of small amounts of Mg 

into ⍺-MoO3 as performed in this study produces minimal changes to the host crystal structure. 

Nevertheless, small shifts in peak widths and peak positions, such as those observed for the peak 

corresponding to Mo-O bond vibrations where O atoms are linked to three Mo atoms and for which 

the peak is centered at 584 cm-1 in the pristine ⍺-MoO3 material but at 623 cm-1 in the ⍺-

Mg0.06MoO3 material, indicate slight variations in the local environments of the materials, likely 

arising due to the presence of Mg2+ ions.  

TGA weight loss curves for pristine ⍺-MoO3 and ⍺-Mg0.06MoO3 powders are shown in 

Figure 4c. A notable distinction is evident in the weight loss patterns of the materials up to 475 

oC, with greater loss occurring for ⍺-Mg0.06MoO3 compared to ⍺-MoO3. The weight loss below 

100 °C is attributed to physically adsorbed surface water, and the difference in weight loss 

behavior in this temperature region is likely caused by the different morphologies of ⍺-MoO3 and 

⍺-Mg0.06MoO3 powders (Figure 2). However, ⍺-Mg0.06MoO3 continues losing ~ 1.45% of its 
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weight between 100 °C and 475 oC (Figure S4, Supporting Information), after which the weight 

stabilizes up to ~ 700oC. The complete weight loss above this temperature is caused by ⍺-MoO3 

sublimation [41, 42]. A previous study found that chemical preintercalation of inorganic ions into 

bilayered vanadium oxide was accompanied by the incorporation of water molecules into the 

interlayer region, and evaporation of such interlayer water was associated with the weight loss in 

a similar temperature region [17]. Moreover, water incorporation into the interlayer region of the 

⍺-MoO3 structure was achieved via a complex process involving reduction of ⍺-MoO3 using n-

butyllithium followed by oxidation using water [43]. Interestingly, in the case of ⍺-MoO3 

hydration, it was found that H2O molecules take the place of lattice oxygen. Therefore, the 

composition of the sample was best represented by chemical formulas from MoO2.81·0.19H2O to 

MoO2.63·0.37H2O, depending on the degree of hydration. We believe that a similar mechanism of 

water incorporation accompanies Mg preintercalation in our synthesis route, resulting in a material 

with a chemical composition best described by the formula of ⍺-Mg0.06MoO2.88·0.12H2O, which 

is in good agreement with the 1.45% weight loss due to the evaporation of water between 100 °C 

and 475 oC (Figure S4, Supporting Information). The presence of water molecules in the 

interlayer region of Mg-preintercalated ⍺-MoO3 is also confirmed by FTIR data (Figure 4b). The 

low-intensity peaks at ~1600 cm-1 and ~3400 cm-1 that appear in the FTIR spectrum of ⍺-

Mg0.06MoO3 and are not visible in the FTIR spectrum of ⍺-MoO3 correspond to the bending H-O-

H and stretching H-O vibrations of the interlayer water molecules, respectively. For consistency, 

we will continue using the ⍺-Mg0.06MoO3 notation to indicate the Mg-preintercalated ⍺-MoO3 

synthesized in this work throughout the manuscript. 

 Figure 5 shows the results of XPS characterization of ⍺-Mg0.06MoO3, with the survey XPS 

spectrum confirming the presence of Mo, O and Mg peaks shown in Figure 5a. The high-

resolution XPS spectrum of Mo 3d (Figure 5b) revealed that the peaks at the binding energies of 

232.59 eV and 235.73 eV were the characteristic Mo 3d5/2 and Mo 3d3/2 of Mo6+, respectively. No 

molybdenum reduction was suggested by XPS analysis. We believe that while Mg preintercalation 

reduces Mo, forming oxygen vacancies, the co-intercalated water molecules oxidize Mo. As a 

result, no net oxidation state change occurs, and Mo is present in the structure of ⍺-Mg0.06MoO3 

(correctly represented as ⍺-Mg0.06MoO2.88·0.12H2O) in the oxidation state of 6+ as observed in the 

XPS spectra. Figure 5c shows that the O 1s XPS signal is split into two peaks at 530.42 eV and 

531.62 eV that correspond to oxygen bound to Mo from Mo-O layers and oxygen from the 
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interlayer water bound to Mo, in agreement with previous studies of hydrated ⍺-MoO3 [43, 44]. 

The high-resolution XPS spectrum of Mg 1s (Figure 5d) at 1304.04 eV further confirms the 

presence of Mg in the ⍺-Mg0.06MoO3 structure achieved via the developed synthesis approach.  

 

Figure 5. XPS analysis of the (a) survey spectrum and fitted spectra in (b) Mo 3d, (c) O 1s, and 

(d) Mg 1s regions of the ⍺-Mg0.06MoO3 phase. 

 

To investigate the effects of Mg preintercalation on the electrochemical properties of ⍺-

MoO3, cyclic voltammetry experiments at a scan rate of 0.1 mV s-1 over the potential range of 1.5 

– 3.5 V were performed. The first- and second-cycle CV curves of the pristine ⍺-MoO3 and ⍺-

Mg0.06MoO3 electrodes are shown in Figure 6a and 6b, respectively. In general, the 

preintercalation of Mg2+ does not significantly affect the lithium-ion intercalation potentials, as the 

two electrodes exhibit a similar CV curve that is consistent with previous reports [25, 34, 42, 45-

49]. The first discharge cycle of both electrode materials exhibits a two-step lithiation process, 

with two cathodic peaks appearing at ~2.68 V and ~2.20 V (Figure 6a). However, both electrode 

materials only exhibit one peak at 2.50 – 2.60 V on first charge, and only one redox pair at 2.05 V 

on discharge and 2.48 – 2.55 V on charge is observed in the subsequent cycles (Figure 6b).  
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Figure 6. Electrochemical performance of ⍺-MoO3 and ⍺-Mg0.06MoO3 electrodes in Li-ion cells 

showing (a) 1st cycle and (b) 2nd cycle cyclic voltammetry curves of the electrode materials at 0.1 

mV s-1; (c) cycle life specific discharge capacities at 0.1 A g-1; and (d) rate capability specific 

discharge capacities at increasing current densities of 0.1, 0.2, 0.5, 1, and 2 A g-1. 

 

The disappearance of the cathodic peak around ~2.68 V after first discharge is a well-documented 

phenomenon for ⍺-MoO3 electrodes in Li-ion cells. It is attributed to the irreversible insertion of 

Li+ ions into the intralayer sites of ⍺-MoO3 structure, causing structural transformation and altered 

electrochemical behavior on the second and subsequent cycles [18, 34, 42, 46-49]. As a result, the 

cell containing the ⍺-MoO3 electrode shows a large first-to-second cycle capacity drop, while the 

cell with the ⍺-Mg0.06MoO3 electrode exhibits improved first-to-second cycle stability, as 

confirmed through galvanostatic cycling at a current density of 0.1 A g-1 (Figure 6c). Both phases 

delivered a comparable discharge capacity of ~250 mAh g-1 on the first cycle. However, the ⍺-

MoO3 electrode showed a second cycle discharge capacity of only 112 mAh g-1, which is 
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significantly lower than the 207 mAh g-1 exhibited by the ⍺-Mg0,06MoO3 electrode on the second 

discharge cycle. Moreover, the cell containing ⍺-Mg0.06MoO3 demonstrated improved capacity 

retention after 50 discharge/charge cycles, with the ⍺-Mg0.06MoO3 electrode delivering ~ 100 mAh 

g-1 and the α-MoO3 electrode retaining only ~20 mAh g-1 (Figure 6c). The improved 

electrochemical stability of the ⍺-Mg0.06MoO3 electrode is attributed to the stabilizing effect of 

chemically preintercalated Mg2+ ions on the charge storage behavior of ⍺-MoO3. We believe that 

similarly to chemically preintercalated Li+, Na+ and K+ ions [18, 19, 32-34], Mg2+ ions serve as 

electrochemically inactive pillars upon cycling ⍺-MoO3 in Li-ion cells, thereby enabling improved 

structural stability upon extended electrochemical cycling [8]. Additionally, it is probable that the 

dissolution of the active material in the non-aqueous electrolyte – a significant cause of capacity 

fading in ⍺-MoO3 [7] – is suppressed due to the preintercalation of Mg2+ ions. To evaluate the 

ability of ⍺-Mg0.06MoO3 to operate at high currents and understand the effect of chemically 

preintercalated Mg2+ ions, both ⍺-Mg0.06MoO3 and ⍺-MoO3 electrodes were cycled at the 

increasing current densities of 0.1, 0.2, 0.5, 1.0, and 2.0 A g-1 (Figure 6d). α-MoO3 electrodes 

stored no charge beyond 1 A g-1. However, the cells containing ⍺-MgxMoO3 electrodes not only 

retained a capacity of over 100 mAh g-1 at 1 A g-1, but also delivered a capacity of ~28 mAh g-1 at 

2 A g-1. This finding could indicate that chemically preintercalating Mg2+ into ⍺-MoO3 promotes 

charge migration through the material during electrochemical cycling even under diffusion-

limiting high current conditions. Additionally, incorporated water molecules that accompanied 

chemically preintercalated Mg2+ ions have the ability to shield electrostatic interactions between 

electrochemically cycled Li+ ions and the Mo-O layered network [43, 44]. Electrochemical 

impedance spectroscopy measurements further attest that chemically preintercalated Mg2+ ions 

and water molecules enhance the conductivity and electrochemical kinetics of ⍺-MoO3 electrodes 

(Figure S5, Supporting Information). Therefore, the superior electrochemical behavior of the ⍺-

Mg0.06MoO3 electrodes could be attributed to interlayer water and the structure stabilization effect 

of Mg2+ ions. 

 

Conclusions 

Mg-preintercalated ⍺-MoO3 has been successfully prepared through H2O2-assisted 

dissolution of metallic molybdenum powder in the presence of MgCl2 followed by hydrothermal 

treatment with the addition of a minute amount of ethanol, grinding, and annealing at 400 °C in 
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air. Analyses of XRD patterns, TGA weight loss curves, AAS, EDX, FTIR and XPS spectra 

revealed that Mg2+ ions are co-intercalated into the interlayer region of ⍺-MoO3 structure together 

with water molecules, producing a material with a chemical formula of ⍺-Mg0.06MoO2.88·0.12H2O. 

SEM imaging demonstrated that the obtained material has a dual morphology dominated by 

spherical agglomerates of nanometer-sized particles with a small fraction of micron-sized platelets. 

From analyses of STEM images combined with EDX mapping, it was found that the spherical 

agglomerates correspond to the Mg-preintercalated ⍺-MoO3, while the platelets represent the 

pristine ⍺-MoO3 phase. Chemical co-preintercalation of Mg2+ ions and H2O molecules was shown 

to be an efficient strategy to improve the electrochemical stability of ⍺-MoO3 electrodes in non-

aqueous Li-ion cells. A 32 % improvement in specific capacity after 50 cycles at a current density 

of 0.1 A g-1 and a 43 % improvement in specific capacity at a current density of 1 A g-1 was 

achieved by premagnesiation of ⍺-MoO3. The improved electrochemical performance is attributed 

to the stabilization of the ⍺-MoO3 structure by the incorporation of Mg2+ and H2O pillars and the 

shielding effect of interlayer H2O molecules leading to facilitated diffusion of Li+ ions. We believe 

that the developed synthesis approach can be adapted to synthesize ⍺-MoO3 chemically 

preintercalated with various types of ions and used to explore correlations between the nature of 

chemically preintercalated ions and charge storage properties. The obtained chemically 

preintercalated ⍺-MoO3 electrodes have the potential to show advanced performance in other 

energy storage systems, such as aqueous Zn-ion batteries, and for applications in electrochromics, 

photocatalysis, and gas sensing.  
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