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ABSTRACT 

At present, the technical progress of secondary batteries employing metallic magnesium as the 

anode material has been severely hindered due to the low oxidation stability of state-of-the-art 

Mg electrolytes, which cannot be used to explore high voltage (> 3 V vs. Mg2+/Mg) cathode 

materials. All known electrolytes based on oxidatively stable solvents and salts, such as 

Mg(ClO4)2 and Mg bis(trifluoromethanesulfonimide) react with the metallic magnesium anode, 

forming a passivating layer at its surface and preventing the reversible plating/stripping of Mg. 

Therefore, in a near-term effort to extend the upper voltage limit in the exploration of future 

candidate Mg-ion battery cathode materials, bismuth anodes have attracted considerable 

attention owing to their efficient magnesiation/de-magnesiation alloying reaction in such 

electrolytes. In this context, we present colloidal Bi nanocrystals (NCs) as a model anode 

material for the exploration of cathode materials for rechargeable Mg-ion batteries. Bi NCs 

demonstrate a stable capacity of 325 mAh g−1 over at least 150 cycles at a current density of 770 

mA g−1, which is among the most stable performance of Mg-ion battery anode materials. First-

principles crystal structure prediction methodologies and ex-situ
 X-ray diffraction measurements 

reveal that the magnesiation of Bi NCs leads to the simultaneous formation of the low-

temperature trigonal structure, α-Mg3Bi2, and the high-temperature cubic structure, β-Mg3Bi2, 

which shed insight into the high stability of this reversible alloying reaction. Furthermore, small-

angle X-ray scattering measurements indicate that although the monodisperse, crystalline nature 

of the Bi NCs is indeed disturbed during the first discharge step, no notable morphological or 

structural changes occur in the following electrochemical cycles. The cost-effective and facile 

synthesis of colloidal Bi NCs and their remarkably high electrochemical stability upon 
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magnesiation make them an excellent model anode material to accelerate progress in the field of 

Mg-ion secondary batteries. 
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In recent years, investigations of electrode materials for rechargeable metal-ion batteries (e.g., 

Li-ion and emerging Na-ion batteries) have increasingly involved nanomaterials. In particular, 

monodisperse inorganic nanocrystals (NCs) and nanoparticles (NPs) of electrode materials are 

increasingly employed as well-defined model systems for controlling and studying the effects of 

particle size, composition, and morphology on electrochemical characteristics during battery 

operation (e.g., rate capability, cycling performance, etc.). Such model systems are also of 

interest for the effective nanoscale intermixing of active electrode materials with other 

components,1-8 typically also benefitting from their convenient solution-based handling. Due to 

very short internal diffusion paths, nanoscale materials are far less limited by their ionic and 

electronic conductivities than their bulk counterparts.9-17 Nanomaterials can also withstand much 

greater mechanical deformation during charge/discharge cycling, a problem facing all anode 

materials that operate via alloying with either Li (such as Si, Sn, Sb, and Ge) or Na (such as Sn, 

Sb, and P) which is accompanied by large volumetric expansion (e.g., 100-400%).3, 18-37 Overall, 

these favorable attributes of nanomaterial-based electrodes have allowed the variety of inorganic 

compounds that can be explored as reversible Li- and Na-ion storage media to significantly 

widen, at least in a laboratory setting. Although the cost and complexity of the synthesis of such 

nanomaterials can be commercially prohibitive, the insights gained from investigating such 

precisely tunable model systems can guide the development of economic production routes or 

definitively determine whether certain materials should be pursued at all. 

Herein we apply the utility of monodisperse metallic NCs as model electrode materials to the 

investigation of Mg-ion batteries. Secondary batteries based on magnesium arise as a result of a 

fundamental shortcoming of Li- and Na-ion batteries in that neither metallic lithium nor sodium 

– the densest and conceptually simplest sources of Li- and Na-ions – can safely be employed as 
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the negative electrode material (anode) in their corresponding metal-ion batteries.38-41 The well-

known reason for this is the formation of dendrites during cycling and the associated risks of 

electrical short-circuit and runaway exothermic reactions, in addition to the highly pyrophoric 

nature of these metals. Graphite is the most common anode in commercial Li-ion batteries, 

exhibiting a similar voltage profile to lithium metal but with a 10-fold lower charge-storage 

capacity. In conceptually analogous Mg-ion batteries (MIBs), on the other hand, metallic 

magnesium can in fact be employed as a safe and high capacity anode material,42-47
 exhibiting 

both dendrite-free electroplating and lower pyrophoricity. Further, concerns regarding the future 

security of the supply of lithium and its geographically heterogeneous natural occurrence48 are 

not faced by magnesium, making MIBs an attractive alternative for large scale stationary energy 

storage applications; Mg is highly abundant in the Earth’s crust (2.3 wt.%, ~1100 times higher 

than Li)49 and extremely inexpensive (3.1 USD kg-1, ~20 times lower than Li). Importantly, as a 

pure elemental anode material, metallic magnesium exhibits volumetric and gravimetric 

capacities (3833 mAh cm-3 and 2205 mAh g-1, respectively) that are comparable to metallic 

lithium (2062 mAh cm-3 and 3861 mAh g-1, respectively) and sodium (1128 mAh cm-3 and 1166 

mAh g-1, respectively) at a relatively low standard electrode potential (0.69 V vs. Li+/Li or 0.35 

V vs. Na+/Na).42,43,50-51 Lastly, the issue of irreversible capacity loss as a result of the formation 

of a solid-electrolyte interface (SEI, arising from the reduction of the electrolyte at low anodic 

potentials), which is a significant complexity facing a large number of Li-ion and Na-ion anode 

materials, is not an important issue for MIBs. 

Secondary MIBs, nevertheless, face several obstacles to overcome before practical deployment 

will be possible, primarily with respect to significant electrochemical incompatibilities between 

the currently identified candidate anode, electrolyte, and cathode materials. While Mg2+ ions 
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have a similar radius to Li+ ions, their bivalent charge causes strong Coulomb interactions within 

typical polar solid-state conductors, leading to orders of magnitude lower diffusivity and issues 

with respect to the electrolyte chemistry.42,43,46,52-57 Electrolytes which are favored for their 

ability to reversibly strip and deposit Mg2+ ions on a metallic magnesium anode are typically 

highly reducing compounds themselves or contain such solvents, invariantly causing undesirable 

oxidation at the cathode and therefore restricting practical operation to within 2-3.0 V vs. 

Mg2+/Mg.42,58-62 This obstacle is faced by all studies of cathode materials for MIBs42-44,46,47, 53,55-

57,61-82 and, as a result, Chevrel-phase Mo6S8 has remained the benchmark cathode material for 

MIBs despite its modest gravimetric capacity (typically measured to be 80-100 mAh g-1, with a 

theoretical limit of 128 mAh g-1).45 At the same time, low-cost, conventional electrolytes based 

on oxidatively stable salts (e.g., Mg(ClO4)2, Mg bis(trifluoromethanesulfonimide) (Mg(TFSI)2), 

etc.) in an appropriate solvent (e.g., acetonitrile or various ionic liquids) cannot be used together 

with a metallic magnesium anode due to the irreversible deposition/stripping of Mg+2 and the 

formation of an insulating passivation layer (in contrast to the formation of a conductive SEI in 

Li-ion batteries).46,54,75,83 

While the very concept of the Mg-ion battery is founded on the eventual use of metallic 

magnesium as the anode material, it would be of great interest for basic research purposes to 

establish a model anode material that is stable at higher voltages and fast enough to enable a 

broader search for suitable electrolytes and cathode materials. Such a high-capacity model Mg-

ion anode material could be chosen from several elements which readily alloy with Mg and their 

multinary compounds by electrochemical means at room temperature. Numerous recent studies 

have been devoted to Bi,84-94 Sb,86 Sn,17,95-96 Pb,97 In,98 Sb1-xBix,
99 InBi,100 and β-SnSb,101,102 all 

seeking an understanding of the electrochemical behavior of these electrode materials, the 
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atomistic details of ion insertion and de-insertion, and the mesoscale evolution of the electrode 

during cycling. Bismuth serves as an especially simple model material since it electrochemically 

alloys with Mg at room temperature, forming Mg3Bi2. While the gravimetric charge-storage 

capacity of Bi is an order of magnitude lower than that of metallic Mg, the theoretical volumetric 

charge-storage capacity of Bi (3783 mAh cm-3) compares very favorably with metallic Mg (3833 

mAh cm-3), in addition to metallic Li (2062 mAh cm-3) and Na (1128 mAh cm-3). The 

gravimetric charge-storage capacity of Bi is, in any case, not a limiting factor to the overall 

energy storage capacity of full MIB cells at the present time due to the much lower capacity of 

available cathode materials. Altogether, bismuth is therefore an optimal model anode for future 

research in the field of complete Mg-ion battery systems. 

Herein we report the synthesis and electrochemical characterization of monodisperse colloidal 

Bi NCs as an ideal model anode material for MIBs in the laboratory setting. We present 

atomistic and mesoscale studies of the magnesiation of bismuth by a combining first-principles 

calculations and experimental studies of monodisperse colloidal Bi NCs. Density functional 

theory (DFT) methodologies were employed to predict the thermodynamically stable crystalline 

phases in the Mg-Bi system. The simulated X-ray powder diffraction patterns of the relevant 

MgxBi phases were then compared to the measured diffraction patterns of ex-situ measured 

samples of Bi NCs at various stages during electrochemical discharge/charge cycling, including 

samples collected after 100 cycles. The evolution of the mesoscale morphology of the as-

prepared Bi NC anodes during electrochemical cycling was then assessed via small-angle X-ray 

scattering (SAXS) techniques. Together, these results lead to a more complete understanding of 

the electrochemical cycling behavior of Bi NC anodes, enabling future methodological studies of 

Page 7 of 33

ACS Paragon Plus Environment

ACS Nano

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



 8

the integration of anode, electrolyte, and cathode toward next-generation Li- and Na-free battery 

concepts. 

 

RESULTS AND DISCUSSION 

 

Atomistic Insights into the Magnesiation of Bi. By combining crystal structure prediction 

methodologies and total energy DFT calculations, as detailed in the Methods section, the 

insertion of Mg into elemental Bi was found to take place through an alloying mechanism, 

leading to the co-formation of two stable phases (see Figures 1a, S1 and S2, and Table S1). 

These two phases comprise the commonly observed low-energy trigonal structure, α-Mg3Bi2,
103 

and the higher energy cubic structure, β-Mg3Bi. Experimentally, the trigonal structure is 

typically observed at ambient temperature and the cubic structure is stable above 976 K.103 To 

the best of our knowledge, the crystal structure of β-Mg3Bi2 has not previously been 

characterized experimentally, although it has been suggested to have the Mg3As2 structure 

type.104  

Page 8 of 33

ACS Paragon Plus Environment

ACS Nano

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



 9

 

Figure 1. (a) The electrochemical magnesiation reaction of bismuth and the crystal structures of 
the relevant phases: elemental Bi (hexagonal), α-Mg3Bi2 (trigonal), and β-Mg3Bi2 
(cubic(simulated)). The polyhedra show the tetrahedral (yellow) and octahedral (green) 
coordination environments of Mg by Bi atoms. (b) Transmission electron micrograph (TEM) of 
18 nm Bi NCs prior to electrode fabrication. (c) Experimental powder X-ray diffraction (XRD) 
patterns of pristine (as-prepared) and discharged/charged Bi NC electrodes and simulated 
patterns of the three relevant MgxBi phases identified in (a). (d) Calculated and measured voltage 
profiles of the discharge/charge reactions for Bi NCs, expressed in volts per mole of Mg. 
 

The enthalpies of formation of the α- and β-Mg3Bi2 phases are calculated to be -115.13 kJ mol-

1 and -99.33 kJ mol-1, respectively. The most important structural difference between these two 

polymorphs of Mg3Bi2 is the coordination environment(s) of the Mg atoms. In the α-phase 

trigonal structure, there are two non-equivalent Mg sites (Figure S1): one in the center of a 
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perfect, edge-sharing Bi octahedron (octahedral Mg, 1a site) and one in the center of a distorted 

(distortion index: 0.013 Å), edge-sharing Bi tetrahedron (tetrahedral Mg, 2d site). In the β-phase 

cubic structure, all of the Mg sites are symmetrically equivalent and occupy the centers of 

distorted, edge-sharing Bi tetrahedra, which have a low distortion index of 0.009 Å. 

Interestingly, the cubic β-Mg3Bi2 structure predicted herein differs from that reported by Barnes 

et al.104 Therein, only the neutron diffraction pattern lattice parameter was predicted, but the 

exact crystallographic space group was not found. It was hypothesized that β-Mg3Bi2 has the 

same space group as α-AgI and α-Ag2Se, that is a body-centered cubic Im-3m structure (No 

229).104  

Electrochemical MIB cells were subsequently prepared and analyzed at various stages during 

cycling to elucidate the magnesium insertion mechanism in Bi NCs. The magnesiation reaction 

of Bi NCs was carried out in a half-cell configuration using Mg foil as the counter and reference 

electrode and 0.2M/2M Mg(BH4)2/LiBH4 in diglyme as the electrolyte. The Coulombic 

efficiency of Mg plaiting/stripping in Mg(BH4)2/LiBH4 was reported to be 100%.53 The active 

anode material comprised monodisperse 18 nm Bi NCs (Figure 1b and S3), synthesized using a 

surfactant-assisted colloidal method as previously described.105 Room temperature powder X-ray 

diffraction (XRD) patterns of the Bi electrode were collected after electrochemical discharge 

(Mg-insertion), confirming the formation of two phases as predicted in the simulations: the 

trigonal and cubic Mg3Bi2 phases. The high-temperature cubic phase, β-Mg3Bi2, was the minor 

component (~10% within 24 h after magnesiation was started, Figure 1c). The electrochemical 

potential during magnesiation (i.e., as a function of composition) calculated from the theoretical 

enthalpy of reaction (Figure S4) correlates well with the measured voltage profiles of electrodes 

prepared with 18 nm Bi NCs (Figure 1d, galvanostatic cycling using magnesium borohydride as 
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the electrolyte, see Methods for experimental details). Both galvanostatic discharge 

measurements and cyclic voltammetry (Figure S5) indicate that Mg-ion insertion occurs at 0.2 V 

followed by removal at 0.4 V. Flat magnesiation and de-magnesiation plateau regions suggest 

the absence of any intermediate crystalline phases. 

The magnesiation reaction, 

���	 + ��	 → ��	��                                                                (Equation 1) 

is calculated to be initially slightly endothermic, until x > 0.5 when the process becomes 

exothermic. Interestingly, between 0.5 < x < 1.25, variable composition states were found, 

indicating the possibility to vary the Mg content in that range of composition by only small 

changes of energy. No other local minima are found in the composition range between x = 0 and 

1.5, in agreement with the experimental phase diagram.103 Volume changes during the 

magnesiation reaction were also calculated since the structural stability of an electrode material 

is directly related to the volume change upon insertion/removal of ions. The insertion of Mg-ions 

into Bi is predicted to induce only a slight volume increase between 0 < x < 0.25; further 

insertion is accompanied by a linear dependence of the cell volume on the composition. When x 

= 1.5 (Mg3Bi2) is reached, the cell volume has more than doubled compared to the de-

magnesiated state, enlarging from 30.98 Å3 for elemental Bi to 138.13 Å3 for α-Mg3Bi2 (Figure 

S6).  

First-principles structure prediction is particularly valuable as a tool to gain insight into the 

coordination environment of each atomic species, and hence to determine the dominant factors 

(structural and energetic) that can impact the performance of a compound as an active electrode 

material. For example, vacancy formation energy and Mg atom conduction pathway 

isotropy/anisotropy are important properties to consider in the evaluation of electrode materials 
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 12

for MIBs. In this work, preliminary results indicate that at a low concentration of Mg-vacancies, 

the enthalpies of vacancy formation in α-Mg3Bi2 are comparable on octahedral and tetrahedral 

sites (e.g., +0.185 eV and +0.173 eV, respectively, at [VMg] = 0.125). At the same vacancy 

concentration, the enthalpy of Mg-vacancy formation in β-Mg3Bi2 is found to be significantly 

higher: +0.408 eV. In addition, the migration of Mg atoms is very different between the two 

phases of Mg3Bi2. In trigonal α-Mg3Bi2, Mg atom migration follows a tetrahedral-octahedral 

pathway, according to molecular dynamics simulations at 300 K. In the cubic β-Mg3Bi2, 

however, despite that the Mg sites are all symmetrically equivalent, the wider distribution of Mg-

Mg distances causes the transport of Mg atoms to be anisotropic. The energetically favored route 

within β-Mg3Bi2 is the shortest Mg-Mg pathway which is found to be along the crystallographic 

a-direction, as shown in Figure S2. 

Mesoscale Insights into the Electrochemistry of Nanocrystalline Bi Anodes. In addition to 

the inherent phase transitions that occur during charge/discharge cycling, it is often the case that 

morphological changes play a significant role in electrochemical performance of nanoscale 

electrode materials, especially for materials that undergo large volumetric changes. We 

investigate these effects herein by starting with uniform, spherical, highly-crystalline 18 nm Bi 

NCs and monitor the changes (both to the individual NCs themselves and the electrode as a 

whole) imparted as a result of electrode preparation and electrochemical cycling by performing 

ex-situ wide-angle XRD (Figure S7), TEM (Figure S8), and SAXS (Figure 2) measurements. 

In order to prepare well-defined, model electrodes from uniform Bi NCs, several steps were 

undertaken prior to electrcochemical cycling. First, the highly insulating capping ligands left 

over from the NC synthesis were removed via a soft treatment method using hydrazine in 

acetonitrile (ACN), a common ligand-stripping procedure.106-108 Subsequently, the bare Bi NCs 
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were ball-mixed with polyvinylidene fluoride (PVDF) as a binding material and carbon black 

(CB) as a conductive additive in n-methylpyrrolidone as a solvent, followed by casting and 

drying on copper foil as the current collector. The crystallite size of the monodisperse Bi NCs 

was found not to be affected by either the ligand removal procedure or the electrode fabrication, 

as determined by Scherrer analysis of the wide-angle XRD measurements (Figure S7, as-

prepared electrodes are denoted as sample S1) and TEM studies (Figure S8). Just prior to 

assembling the electrochemical cells, the as-prepared Bi NC electrodes were further treated with 

hydrazine to remove traces of surface oxides (denoted as sample S2), which were found to 

inhibit Mg-ion insertion (presumably by the formation of electronically and ionically insulating 

MgO). This treatment was found to cause a doubling of the mean NC size (by XRD and TEM 

analysis), which may be attributed to the fusing of neighboring NCs once the surface oxides are 

removed. Subsequent electrochemical cycling (up to 100 cycles) did not cause a further increase 

in average NC size (Figures S7-S8), suggesting that after the initial hydrazine-induced fusion, 

the larger NCs become sufficiently well-separated.  
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Figure 2. SAXS patterns of 18 nm Bi NC-based materials on Cu-foil. The scattered intensity is 
plotted as a function of the reciprocal scattering vector, q. (a) Log-log plots of all SAXS patterns 
collected: carbon black with binder (CB + PVDF, yellow) as a control and Bi NCs combined 
with CB and PVDF (“pristine electrode”, blue), after hydrazine (N2H4) treatment (green), after 
the 1st discharge (orange), after the 1st complete cycle (light green), and after the 100th discharge 
(gray). (b) Log-normal plot of the pristine Bi NC electrode SAXS pattern after subtracting the 
CB + PVDF background. The measured data (circles) are fitted with a polydisperse sphere model 
(line) indicating an average diameter of 14.8 ± 0.5 nm. (c) Log-normal plot of the Bi NC 
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electrode SAXS pattern after hydrazine treatment and the 1st discharge, and after subtracting the 
CB + PVDF background. The experimental data (circles) are fitted with a polydisperse sphere 
model (line) indicating an average particle size of 4.4 ± 0.8 nm. 

The mesoscale structure and morphology of complex materials can be sensitively probed using 

SAXS techniques, with applications ranging from the determination of the size and shape of 

crystalline and amorphous NPs to the symmetry and pore-to-pore spacing of ordered mesoporous 

materials, or even to investigations of the structure of electrolyte ions in microporous 

electrodes.109 In this work, SAXS measurements of 18 nm Bi NC electrodes were performed at 

various stages of preparation and electrochemical cycling (Figure 2) to determine the average 

grain size and size distribution of the constituent particles within the overall electrode. The 

accessible length scale of these experiments was between 1-16 nm, corresponding to scattering 

vectors, q, between 3.0-0.2 nm-1. A carbon black anode combined with binder (CB + PVDF, 

Figure 2a), investigated as a control sample, was found to exhibit the lowest integral scattering 

intensity, showing a linear dependence on q between 0.2-1 nm-1 with a Porod slope of -3.7. This 

pattern is typical of mesostructured materials with fractal surfaces such as carbon black.110 Upon 

the fabrication of a pristine Bi NC electrode (sample S1), i.e., when Bi NCs are added to the CB 

+ PVDF mixture, the SAXS pattern exhibits the same background slope at 2.4 times higher 

integral scattering intensity. This higher intensity can be explained by the large scattering cross-

section of Bi compared to carbon. The pristine sample also shows a local minimum at 0.6 nm-1 

that can be caused by the scattering contribution of the shape function of the Bi NCs to the total 

scattering signal. After subtraction of the CB + PVDF background (Figure 2b), the scattering 

profile for separated nanometer-sized particles is more apparent. A polydisperse sphere model 

can be used to fit the experimental SAXS data, indicating a mean particle diameter of 14.8 ± 0.5 

nm with a size distribution of 14% (averaged 10 times), generally in good agreement with TEM 

images and wide-angle XRD patterns (Figures S3, S7, and S8). Moreover, the factor of 2.4 
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increase in integral scattering intensity due to the addition of Bi to the CB + PVDF control 

electrode is consistent with calculations based on the comparison of a two-phase (carbon + 

vacuum) and three-phase (carbon + Bi + vacuum) polydisperse sphere model, using the known 

relative masses of Bi and carbon, the known electron densities of Bi and graphite, and a density 

of carbon black of 0.4 g cm-3. The subsequent treatment of the pristine electrode with hydrazine 

to remove trace oxides (sample S2) causes the minimum at ~0.6 nm-1 to be less pronounced, 

which is consistent with the NC size enlargement measured by wide-angle XRD. 

After the first electrochemical discharge, i.e., magnesiation, of the hydrazine-treated electrode 

(sample S3), the SAXS intensity was found to be 16 times higher than that of the pre-cycled, 

hydrazine-treated electrode (sample S2) and the SAXS pattern was found to exhibit a broad 

minimum at ~1.9 nm-1. Furthermore, upon the first charge, i.e., de-magnesiation, of the 

discharged electrode (sample S4), the intensity was found to be reduced by a factor of 2, 

remaining 8 times higher than that of the pristine electrode (sample S1). The SAXS pattern of the 

same electrode after 100 discharges (sample S5) remains nearly identical to that of the sample 

after the first discharge, consistent with the high cycling stability of the electrodes as evidenced 

during electrochemical testing and discussed in the next section. The Porod slope of the SAXS 

pattern of the electrode after the first charge (sample S4) is -4.0, corresponding to a smoother 

surface of scattering particles.111 This reduction in the slope (from -3.7 for the electrode before 

cycling) and thus smoothening of the CB surface can be explained by the filling of the 

mesopores (2-50 nm) of the CB particles by electrolyte. In a simplified description, this 

mesopore filling corresponds to an increased volume of the CB particles and a slightly increased 

average electron density of the CB particles compared to particles without such incorporated 

ions. Both effects would also lead to an increased integral scattering intensity, as was observed. 
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The higher intensity of the SAXS patterns of the discharged electrodes (samples S3 and S5) 

compared to that of the charged electrode (sample S4) indicates the successful incorporation of 

Mg-ions into the Bi NCs. This increase is quantitatively validated by taking into account the 

volumetric expansion by a factor of 2 and decrease in electron density of Mg3Bi2 compared to 

Bi. 

The most prominent feature of the SAXS pattern after the first discharge (and likewise for all 

subsequent post-discharge patterns) is the broad hump centered at q = 1.9 nm-1 (Figures 2a and 

2c) corresponding to nanostructures with a length or regularity of 4.5 nm as fitted to a 

polydisperse sphere model (Figure 1c). The SAXS intensity below 1.4 nm-1 could not accurately 

be fitted by this method, which can be explained either by the agglomeration of ~4.5 nm NPs, by 

the formation of ~4.5 nm grains within larger Mg3Bi2 aggregates, or by a mixture of larger and 

smaller particles. The faint intensity modulation of the SAXS pattern of Bi NCs after 100 cycles 

(S5 in Figure 2a) indicates the existence of larger particles after cycling. The modulation 

between 0.2 and 0.7 nm-1 is attributed to structures in the size range between 20 to 40 nm, which 

is consistent with the crystallite sizes derived from XRD analysis as shown in Figure S7. The 

wide-angle XRD peaks, however, do not show any pronounced broadening between the 1st 

charge and the 100th charge; instead, a moderate decrease in crystallite size from 35 to 25 nm is 

observed, accompanied by a pronounced decrease in peak intensity. This transition is reflected in 

the smooth and featureless SAXS pattern after the 1st discharge (S4 in Figure 2a) corresponding 

to scattering from large uniform particles compared to the more modulated pattern after the 100th 

discharge (S5 in Figure 2a) comprising an additional hump at higher q related to the formation of 

smaller particles. The lack of broadening in the wide-angle XRD peaks indicates that these 
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newly formed, smaller particles are amorphous in nature, in accordance with the decrease in the 

Bragg peak intensities. 

The results from this ex-situ SAXS study of Bi NC anodes at various stages during electrode 

preparation and electrochemical cycling can be used to correlate structural changes in the 

electrode to the electrochemical behavior of the full-cell device. Firstly, it is clear that the 

amorphization and reduction in size from 15 to 5 nm of a considerable fraction of the active Bi 

particles already occurs after the first discharge process, and is therefore directly related to the 

incorporation of Mg into the NCs. In other words, this effect can be seen as a result of the 

formation of the α-Mg3Bi2 and β-Mg3Bi2 phases. The corresponding peak in the SAXS pattern 

then remains constant over the next 100 charge/discharge cycles and shows only a slight shift to 

lower q indicating a slight further increase in the active Bi particle diameter (S3 and S5 in Figure 

2a).109 A schematic depiction of the size evolution of 18 nm Bi NCs upon electrode preparation, 

hydrazine treatment, and electrochemical cycling is given in Figure S9. 

Half-Cell Electrochemical Performance: Capacity, Rate Capability and Cyclability. The 

charge and discharge capacities of Bi NC electrodes (prepared with CB + PVDF, and treated 

with hydrazine to remove surface oxides) at a rate of 0.5C were found to be 331 and 335 mAh g-1 

(corresponding to x = 1.3 in Figure 1d), respectively, which corresponds to ~90% of the 

theoretical capacity (x = 1.5). The effect of crystallite size on the rate performance of Bi anodes 

was investigated by preparing electrodes from spherical Bi NCs (both 10 and 18 nm) and milled 

microcrystalline Bi (0.5-2 µm crystallites, “bulk”), the details of which are shown in Figure S3. 

Surprisingly, relatively high capacities were measured for all cells even under discharge rates of 

up to 20C (i.e., fully discharged in 3 minutes) with a high coulombic efficiency of > 98%. The 

lowest capacities measured were for bulk Bi at high current rates (Figure 3a). No advantages 
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were observed to be gained by reducing the size of Bi NCs from 18 to 10 nm, with 

systematically poorer capacities measured at all rates. Cells incorporating Bi NCs showed a high 

capacity retention of 93% after 150 cycles at a rate of 2C (for both 10 and 18 nm NCs). 

Electrodes containing 18 nm Bi NCs also exhibited a noteworthy capacity retention of 54% after 

4500 cycles at 20C (Figure S10). On the other hand, the capacity of electrodes prepared with 

bulk Bi were found to significantly decrease upon electrochemical cycling (Figure 3b).  

 

 

Figure 3. (a) Rate capability measurements of Mg-ion half-cells incorporating Bi anodes derived 
from monodisperse Bi NCs (10 and 18 nm) or microcrystalline Bi (0.5-2 µm, “bulk”). (b) 
Cycling stability of the same Bi anodes at a current density of 2C (0.77 A g-1). All electrodes 
were prepared with the same composition of Bi(64%)/CB(21%)/PVDF(15%), by weight, and a 
0.2M/2M solution of magnesium borohydride/lithium borohydride in diglyme was used as the 
electrolyte. 

Full-Cell Electrochemical Experiments Utilizing Bi Nanocrystal Anodes. The key potential 

benefit of Bi (and similar alloying materials) as a model anode for MIBs arises from its 
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compatibility with more desirable electrolytes within which metallic Mg does not reversibly 

electroplate. To demonstrate this utility, full-cell electrochemical experiments were conducted 

using Mo6S8 (Chevrel phase) as a standard cathode.45 Anode-limited cells were assembled using 

anodes prepared from 18 nm Bi NCs, as previously described. As a representative electrolyte (in 

which metallic Mg does not operate reversibly), a 1M solution of Mg(TFSI)2 in diglyme was 

used. Compared to borohydride-based electrolytes, Mg(TFSI)2 in diglyme is much safer and 

constitutes only earth-abundant elements, and is therefore a desirable alternative. Hence, a more 

common Mg(BH4)2/LiBH4
 electrolyte was also tested for comparison. In both cases, Mo6S8 

cathodes were first pre-charged (magnesiated) using half-cells with metallic Mg as the anode and 

Mg(BH4)2/LiBH4 as the electrolyte. With both Mg(TFSI)2 and borohydride electrolytes, Bi NC 

anodes were found to exhibit similar capacities and fully reversible operation (Figure 4, Figure 

S11). Importantly, higher voltages (corresponding to higher energy storage densities) and more 

desirable voltage profiles were obtained with Mg(TFSI)2 as the electrolyte.  

 

Figure 4. Typical discharge/charge voltage profiles of anode-limited full-cell MIBs (Bi–Mo6S8) 
at a rate of 1C (0.384 A g-1) with (a) Mg(BH4)2/LiBH4 and (b) Mg(TFSI)2 as the electrolyte. The 
full-cell capacities are normalized to the mass of Bi. 
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CONCLUSIONS 

In this work, colloidal Bi NCs were demonstrated as a well-defined model system for 

understanding the effects of structural changes, crystallinity, and morphology on electrochemical 

properties of Bi anodes for Mg-ion batteries upon discharge/charge 

(magnesiation/demagnesiation) cycling. Furthermore, Bi anodes can operate with a broader 

range of Mg-ion electrolytes, in particular with those made of oxidatively stable salts and 

solvents, offering important opportunities for the exploration of cathode materials operating 

above 3 V vs. Mg2+/Mg. While metallic Mg remains the eventual ideal anode material for MIBs, 

the short term benefits of exploring a wide range of electrolyte and cathode combinations 

together with Bi as the anode could greatly accelerate research in the direction of high energy 

density, abundant element-based secondary batteries. 

Specifically, it has been revealed that the intercalation of Mg within Bi NCs takes place 

through an alloying mechanism, leading to the simultaneous formation of α-Mg3Bi2 and β-

Mg3Bi2 as confirmed by XRD measurements. First-principles crystal structure prediction 

methodologies enabled the identification and characterization of the β-phase of Mg3Bi2 (cubic, 

Ia-3 space group). The first electrochemical discharge of the as-prepared Bi NC electrode (after 

hydrazine treatment, which initially causes particle fusing) disturbs the monodisperse and 

crystalline nature of the active particles, leading to the formation of smaller nanostructures and 

amorphous particles. However, over the subsequent 100 discharge/charge cycles, the electrode 

structure and electrochemical performance remain nearly unchanged. Bi NC anodes were also 

found to exhibit a high retention of capacity upon extended cycling, losing only 7% of their 

initial capacity over 150 cycles at a rate of 2C (770 mA g−1). 
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METHODS 

Chemicals. Bismuth (III) chloride (99,999%, Sigma-Aldrich), 2.7 M n-butyllithium solution in 

heptane (Bu-Li, Aldrich), Oleylamine (OLA, Acros), Oleic acid (OA, 90%, Aldrich), Toluene 

(99.9%, Sigma-Aldrich), Ethanol (Fluka), Hydrazine (Gerling Holz+Co), Acetonitrile (ACN, 

max. 0.005% H2O, Merck), Potassium chloride (KCl, Fluka), Molybdenum (IV) sulfide (MoS2, 

99%, Aldrich), Cupper sulfide (CuS, 99.5%, STREM), Molybdenum (Mo, 99.7%, Fluka). 

Battery components. Bismuth (325 mesh, 99.5%, Alfa-Aesar), carbon black (CB, Super C65, 

provided by TIMCAL), Mg electrolyte (0.2M and 2M solution of magnesium borohydride 

(Mg(BH4)2, 95%, Sigma Aldrich) and lithium borohydride (LiBH4, >95%, Sigma Aldrich) in 

diethylene glycol dimethyl ether (diglyme, anhydrous, 99.5%, Sigma Aldrich)), conventional Mg 

electrolyte (0.25M solution of Bis(trifluoromethanesulfonyl)imide, (Mg(TFSI)2, 99.5%, in 

diglyme, Solvionic SA), glass-fiber separator (EUJ-grade, Hollingsworth & Vose Company Ltd., 

United Kingdom), poly(vinylidene flouride) (PVDF, average MW ~ 534 g mol-1, Sigma 

Aldrich), and N-Methyl-2-pyrrolidone (NMP, 99%, Sigma Aldrich). 

Synthesis of Bi NCs. In a typical synthesis of ~18 nm Bi NCs,105 12 mL of dried OLA and 0.2 

mmol of BiCl3 (0.063 g) were added into a 50 mL three-neck flask and dried under vacuum for 

20 minutes at 60℃ while stirring. In parallel, 3.6 mmol of Bu-Li (1.33 mL) was prepared in an 

inert atmosphere glovebox. The temperature of the OLA/BiCl3 solution was then increased to 

130 °C under nitrogen, and the Bu-Li solution was injected. The solution color turned dark 

brown immediately, indicating the formation of Bi NCs. After 300 seconds, the reaction was 

quickly ended by the injecting12 mL of anhydrous toluene and cooled down to room temperature 

in ice-water bath. Then, 0.2 mL of OA was added at 50 °C. Bi NCs were precipitated by 25 mL 

of ethanol following centrifugation at 7000 rpm for 4 min. Then Bi NCs were redispersed in 5 
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mL of toluene containing 100 µL of OA to replace the weakly bound OLA, and then precipitated 

by 5 mL of ethanol, followed by centrifugation at 7000 rpm for 2 min. Finally, the Bi NCs were 

redispersed in toluene. The synthesis of 10 nm Bi NCs has been conducted analogously to 18 nm 

Bi NCs, except for the Bu-Li injection temperature (70°C) and reaction time (10 sec). 

Ligand-removal of Bi NCs. In order to remove the organic capping ligands, NCs were 

precipitated with EtOH, centrifuged and suspended in a solution of 0.8 mL hydrazine in 25 mL 

anhydrous acetonitrile. The suspension was stirred at room temperature for two hours. After 

centrifugation (8000 rpm, 4 min), the precipitate was washed three times with acetonitrile (~ 20 

mL) to remove residual hydrazine. Finally, NCs were separated from the solution by 

centrifugation (8000 rpm, 4 min) and dried for 12 h at room temperature under vacuum. 

Electrochemical cell preparation and testing. Bi electrodes were prepared by ball-milling of 

the respective Bi NCs after ligand removal or bulk Bi (64 wt.%) with carbon black (21 wt.%) 

and PVDF binder (15 wt.%) in NMP solvent for 1 h and casting the obtained slurry onto Cu foil. 

The onset of electrochemical oxidation for the Cu current collector occurs at 1.5 V vs. Mg2+/Mg 

in Mg(BH4)2/LiBH4 electrolyte (Figure S12). Mo6S8 electrodes were prepared in the same way 

using Mo6S8 powder (80 wt.%), carbon black (10 wt.%) and PVDF binder (10 wt%). Mo6S8 was 

synthesized by the molten salt synthesis, as described elsewhere.112 The current collectors were 

then dried for 12 h at 80 °C in a vacuum oven. Additionally, shortly before assembling the 

batteries, the Bi electrodes were immersed in hydrazine solution in ACN (C = 25 vol.%) for 6 h 

following drying at 75 °C for 6 h. In the case of bulk Bi electrodes, pure hydrazine was used 

instead of its solution. Caution: hydrazine is an extremely toxic and dangerously unstable liquid. 

Hydrazine treatment should be carried out only by appropriately trained personnel under air-free 

conditions (e.g., in a glovebox). 
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Coin-type cells were assembled in a glovebox using a one layer glass fiber separator. Polished 

Mg metal served as both reference and counter electrode. Two electrolytes tested were 0.2M and 

2M solution of, correspondingly, magnesium borohydride and lithium borohydride in diethylene 

glycol dimethyl ether and 0.25M solution of Mg(TFSI)2 in diglyme were used. Half and full cells 

were cycled between 0.02 – 0.63 V and 0.220 – 1.35 V, respectively, on an MPG2 multi-channel 

workstation (Bio-Logic). The obtained capacities for half and full cells were normalized to the 

mass of Bi. Prior to electrochemical cycling, Bi electrodes were cycled for 10 cycles between 

0.02 – 0.63 V using cyclic voltammetry at a scan rate of 0.1 mV s-1. As consistent with 

electrochemical impedance analysis (Figure S13), the impedance of the cell decreases 

considerably during the initial 10 cycles. 

Materials Characterization. TEM was performed using a Philips CM30 microscope operated 

at 300 kV. High-resolution TEM (HRTEM) was performed using a JEOL 2200FS microscope at 

200 kV. Samples were mounted on carbon-coated TEM grids (Ted-Pella). Wide-angle powder 

XRD measurements were performed using a STOE STADI P diffractometer. SAXS 

measurements were performed using a Bruker Nanostar on samples held under vacuum. 

DFT and molecular dynamics simulations. The starting host lattice for the Mg-Bi system 

was the rhombohedral structure of elemental bismuth. By combining the cluster expansion 

approach, interfaced with Quantum ESPRESSO DFT-based total energy calculations, and Ab-

initio Random Structure Searching (AIRSS) coupled with CASTEP calculations, we mapped the 

potential energy surface (PES) in the full composition range of of Mg-Bi system. The geometry 

optimizations of the final stable structures reported in the present work were obtained by using 

CASTEP calculations. We used norm-conserving pseudopotentials and reciprocal space 

representation of Mg and Bi atoms, whose valence shells contain respectively 10 electrons, 
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2s22p63s2 states, and 15 electrons, 5d106s26p3 states. The different exchange-correlation 

functionals were checked in the lattice optimization, in order to reproduce the lattice parameters 

as much as closer to the reported ones for the elemental phases, Mg and Bi and the binary phase, 

Mg3Bi2, which represent the initial state and the final state of the Mg-Bi phase space considered 

in the present work. While the geometry optimization of the elemental phases, Mg and Bi, 

reproduced better the respective lattice parameters by using the non-local potential GGA-PBE, 

the local potential LDA-CA-PZ113-114 reproduced lattice parameters of Mg3Bi2 closer to the 

experimentally reported ones. Based on that, in the final step of structure optimization of the 

binary phases, we used LDA potential with a cut-off energy of 720 eV and a k-point mesh 

density of at least 0.02 Å-1. To investigate the motion of Mg atoms in the charge reaction we 

performed preliminary molecular dynamics calculations with NVT ensemble and by using a 

supercell comprising 2x2x2 unit cells and k-point sampling at gamma point. The temperature 

was set to 27 °C by using Hoover-Langevin thermostat and 1fs for the time step. The total 

simulation time was 10 ps. 
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