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Li3BN2 is investigated for the first time as a transition metal free, high capacity cathode material for 

Li-ion batteries. It is shown that -Li3BN2 can exhibit a specific capacity of 890 mAh/g with the charge storage 

mechanism associated with the valence state change of N ions in the BN2 anion. The specific capacity 

demonstrated in this study is the highest one ever reported in literature for an intercalation-type cathode 

material. Further, using the valence state change of N ions as a charge storage mechanism opens the door 

for designing additional high performance, transition metal free electrodes in the future. 

Li-ion batteries (LIBs) have revolutionized portable electronic devices in the past three decades, and 

have the potential to make great impact on vehicle electrification.1-3 In spite of their eminent potential, the 

state-of-the-art LIBs have not been able to meet the need for vehicle electrification, which requires both high 

energy density and high power density simultaneously.4 To increase the energy density, current research in 

the cathode is aimed at developing materials with higher capacities or higher operating voltages.1-3, 5 In this 

regard, high-voltage doped LiMn2O4 has been studied extensively.5-7 However, doped LiMn2O4 only exhibits 

a limited capacity of ~130 mAh/g.1 In contrast, lithium-rich layered oxides, Li[Li,Mn,Ni,Co]O2, deliver high 

capacities of ~250 mAh/g when charged above 4.5 V,6, 8-9 but they have inferior rate capacity and a large first 

cycle irreversible capacity loss.6 Lithium- and manganese-rich nickel-manganese-cobalt (LMR-NMC) layered 

composite oxides show high charge/discharge capacity (> 240 mAh/g), but suffer from voltage fade.10-11 To 

increase the energy density beyond what the redox of cationic species can offer, oxygen redox in intercalation 

oxides has been explored.12-14 Furthermore, non-intercalation materials such as S and Li2S cathodes have 
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also been studied.15-19 These S-based cathode materials have very high theoretical capacities (>1,000 

mAh/g), but suffer from large volume change (~80%), polysulfide dissolution and insulating problems, leading 

to poor cycling life and low capacity retention.15-19 As such, new types of cathode materials with high 

capacities and high energy densities are urgently needed to meet the need for vehicle electrification. 

 In this study, we have investigated a completely new class of cathode materials that eliminate the 

need of using transition metals as they are built from light elements only, such as B, N and C. Recent studies 

through density functional theory (DFT) calculations have predicted a new class of cathode materials based 

on functionalized hexagonal boron nitride (FBN) materials.20-22 The DFT calculations reveal that 

functionalization of boron nitrides can tune the electrochemical potentials of FBN materials and create 

intercalation-type materials with ultrahigh specific capacities and unprecedented energy densities because 

of the elimination of heavy transition metals.20-22 The charge storage mechanism of FBN materials is 

predicted to be accomplished by redox reactions due to the valence state change of N ions.20-22 Inspired by 

these predictions, we have synthesized Li3BN2 powder via reaction between Li3N and h-BN at 900 °C23 (see 

Supporting Information for experimental details) and carried out the first-ever electrochemical investigation 

of Li3BN2 (a 3D member of FBN materials that can be derived from Li3N functionalized 2D h-BN) for its 

potential as a transition metal free, high-capacity cathode material for Li-ion batteries. We demonstrate that 

the -Li3BN2 powder obtained from the reaction between Li3N and h-BN can exhibit an unprecedented 

specific capacity of 890 mAh/g with the charge storage mechanism associated with the valence state change 

of N ions in the BN2 anion during Li-ion intercalation and de-intercalation. The specific capacity of 890 mAh/g 

demonstrated in this study is the highest specific capacity ever reported in literature for an intercalation-type 

cathode material. The specific discoveries of this study are described below. 

 The charge/discharge curves of an -Li3BN2 coin cell with a Li foil as the anode at the 0.1C rate (1C 

= 890 mA/g) are shown in Figure 1(a). The first operation of the as-synthesized -Li3BN2 in this study is 

charge, but only exhibits a specific capacity of ~300 mAh/g. However, the first discharge after the first charge 

has delivered 890 mAh/g capacity, while the specific capacity of the second charge has increased 

significantly from the previous 300 mAh/g to 840 mAh/g. To ensure that the high carbon black (CB) 

concentration (45 wt%) used in the electrode did not alter the specific capacity of -Li3BN2 significantly, we 

have measured charge/discharge curves of pure CB electrodes with a Li foil as the counter electrode. The 

results from the pure CB half cells indicate that CB only contributes to less than 0.5% of the total storage 

capacity (see Supporting Information for details). Note that the first discharge capacity of 890 mAh/g from -

Li3BN2 is very close to the theoretical capacity (899 mAh/g) based on the following electrochemical reaction 

predicted from the DFT calculation.20-22 

 

-Li3BN2  LiBN2 + 2Li+ + 2e-    (1) 

 

It is noted from Figure 1(a) that there are two plateaus in both charge and discharge curves. To understand 

this phenomenon, cyclic voltammetry (CV) of the -Li3BN2 half cell is conducted. As shown in Figure 1(b), 
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there are two anodic and two cathodic peaks in the cyclic voltammogram. The first anodic peak is located at 

~1.85 V vs. Li/Li+ and the second anodic peak at ~2.23 V. These two anodic peak positions are very close to 

the two voltage plateaus during charge, unambiguously indicating that charging of -Li3BN2 proceeds in two 

oxidation steps. Based on the DFT calculations,21-22 we hypothesize that the first oxidation corresponds to 

the valence state change of N ions in the BN2 anion from 3- to 2.5-, whereas the second oxidation is due to 

the further change of N ions from 2.5- to 2-. This hypothesis is consistent with our X-ray photoelectron 

spectroscopy (XPS) and soft X-ray absorption spectroscopy (sXAS) analyses to be shown later. Similarly, 

the two cathodic peaks at ~2.10 V and ~1.65 V vs. Li/Li+ match the two voltage plateaus during discharge 

very well, clearly revealing that discharging of -Li3BN2 occurs via two reduction steps. Based on the CV 

curve, the two cathodic peaks can be assigned to the valence state change of N ions in the BN2 anion from 

2- to 2.5- for the peak at 2.10 V and from 2.5- to 3- for the peak at 1.65 V. The stepwise oxidation of the BN2
3- 

anion has also been pointed out in the melt-phase N2/BN2
3- electrode 24 and in thermal decomposition of 

Na2KBN2.25 

 To confirm the redox reactions of -Li3BN2 are indeed due to the valence state change of N ions in 

the BN2 anion, we have conducted the XPS analysis of the -Li3BN2 cathode after different states of charge. 

The states of charge for the -Li3BN2 cathode subjected to XPS analysis are marked in Figure 1(a) as S1 

(discharged state), S2 (partially charged state) and S3 (near fully charged state). As shown in Figure 2(a), 

the N1s spectra of these samples are quite broad and unsymmetric, suggesting overlap of several peaks. 

Based on the charge/discharge profile (Figure 1) and the resonance structures of the BN2
3- anion and its 

gradually delithiated versions of Li2BN2 and LiBN2 predicted via DFT calculations,21 3 major peaks in each 

N1s spectrum can be fitted and attributed to BN2
3-, BN2

2- and BN2
1- resonant groups. It is known that the N1s 

spectrum of a substance with covalent bond and/or negative valence state is normally peaked at < 400.0 eV, 

such as N in h-BN26-27 and Li3N.28-29 N1s located around 398.5 eV or lower indicates the formation of B-N 

covalent bond sharing 3 pair of electrons.26-27 Furthermore, the higher the electron cloud density around N 

atom, the lower the binding energy. Hence, the binding energy sequence from low to high is Li3N, BN2
3-, 

BN2
2- and BN2

1-, as assigned in Figure 2(a). Among them, only the binding energy of BN2
1- anion (≥ 399.2 

eV) is higher than that of h-BN, which is consistent with their resonant structure and valence state.  

 Several general trends can be observed from Figure 2(a), while the quantitative fitting results of the 

N1s peak are summarized in Table S1 of Supporting Information. These trends include: (i) the discharged 

electrode (S1) has the highest concentration of the BN2
3- anion, (ii) the fully charged electrode (S3) has the 

highest concentration of the BN2
1- anion, and (iii) the partially charged electrode (S2) has the highest 

concentration of the BN2
2- anion among the 3 samples. These general trends reveal unambiguously that 

charge of -Li3BN2 follows the sequence of oxidation and delithiation of Li3BN2 to become Li2BN2 (partially 

charged) and then to LiBN2 (fully charged). Thus, the present XPS analysis confirms that the redox reactions 

of -Li3BN2 are associated with the valence state change of N ions in the BN2 anion, as predicted from the 

DFT calculations.21,22 Three additional features are noted. The first is that BN2
3-, BN2

2- and BN2
1- anions are 

present in all samples even though their relative concentrations are changed. This is not a surprise since 
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inhomogeneous charge/discharge is typical because not all the active particles are connected to conductive 

network and there is non-uniform distribution of the active material.30-32 The second is the small shift in the 

binding energy of BN2
3-, BN2

2- and BN2
1- anion peaks (≤ 0.5 eV) from one charge state to another. One likely 

mechanism for this small shift is that the N1s peak of the BN2 anion is not from an isolated N-B-N ion; instead, 

its binding energy may depend to a small extent on the overall Li-site occupancy as well. The third feature 

noted is the presence of an N1s peak with very low binding energy (~395.2 eV) in the fully charged sample. 

This peak could be related to Li3N,28,29 implying decomposition of Li3BN2. Whether this is indeed the case 

needs additional investigation in the future.   

 To explore whether α-Li3BN2 is a conversion-type or intercalation-type cathode, we have conducted 

X-ray diffraction (XRD) analysis of the α-Li3BN2 cathode after different charge/discharge conditions. The XRD 

pattern of the as-synthesized α-Li3BN2 is shown in Figure 2(b). It is consistent with the α-Li3BN2 crystal 

defined in ICDD PDF card #04-013-9542 and matches the crystal structure of α-Li3BN2 derived from the DFT 

calculations well.21 The presence of a small amount of the unreacted h-BN and the impurity Li3TaN3 is noted. 

The latter is due to the use of Ta foil during synthesis. Nevertheless, the major phase of the reaction product 

is α-Li3BN2 which has a 1D conjugated chain having -Li-N-B-N- repeating units (Figure 2c). The –N–B–N– 

part of the –Li–N–B–N– repeating unit is the dinitridoborate anion, BN2
3−, thus each repeating unit –Li–N–B–

N– carries two negative charge. The two negative charge of the –Li–N–B–N– repeating unit is 

counterbalanced by two Li+ ions per formula unit, located between sheets of the strands. This layered 

structure strongly resembles layered oxides in LIBs. The Li in the chains is coordinated to 2 nearest N-s, 

while the Li between the layers is coordinated to 4 nearest N-s.  

 The XRD patterns of the cathode containing 45 wt% -Li3BN2, 45 wt% carbon black (CB), and 10 

wt% PVDF before and after charge and discharge at different states are presented at Figure 2(d). The 

different states of the cathode for the XRD analysis are marked in Figure 1(a) as X1, X2 and X3. Note that 

the signal-to-noise ratio in Figure 2(d) is not as good as the one in Figure 2(b) because the XRD pattern in 

Figure 2(b) is taken without the presence of CB and PVDF. However, the most interesting feature of Figure 

2(d) is the similar XRD pattern displayed by all three conditions (X1, X2 and X3) with a new peak at 2 = 

~50.6o emerging for X3. The nature of this new peak remains to be identified in the future, but it may be due 

to the formation of h-BN because this peak coincides with the third strongest peak of h-BN (ICDD PDF card: 

00-034-0421). Note that the formation of h-BN has been detected in the N2/Li3BN2 electrode operating at 

550oC as a product of the charging process.24 

In spite of the similarity of XRD patterns for X1, X2 and X3 conditions, the relative intensities of major 

peaks are changing with the state of charge. For instance, at the X1 condition the peak intensities are very 

close to those of -Li3BN2 (ICDD PDF card #04-013-9542). However, after charge (X2) the intensities of 

(110), (002) and (210) become stronger. After discharge (X3) the intensities of (110) and (002) become 

weaker, while (210) becomes much stronger. To understand what is responsible for these peak intensity 

changes, we have performed XRD modeling using “Crystal Maker” software to investigate how the intensity 

of each peak of -LixBN2 varies with the Li-ion site occupancy. The modeling results (Figures 2e and 2f) 

reveal that if delithiation during charge occurs via removal of Li ions between the layers of the linear –Li-N-
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B-N- chains, (110), (002) and (210) peaks become gradually stronger with respect to other peaks. This is 

consistent with the experimental observation, i.e., (110), (002) and (210) peaks all become stronger, when 

the cell is charged from X1 to X2 (Figure 2d). The modeling also reveals that if delithiation during charge 

occurs via removal of Li ions in the layers of the linear –Li-N-B-N- chains, the intensities of (110), (002) and 

(210) peaks change little with respect to other peaks. Clearly, this situation is not what being observed in the 

experiment. Therefore, it can be concluded that delithiation of -LixBN2 occurs mainly through the removal of 

Li ions between the layers of the linear –Li-N-B-N- chains. This experimental observation is in good 

agreement with the prediction of the DFT calculations.21-22 Additionally, since Li3BN2, Li2BN2 and LiBN2 at 

different states of charge have the same crystal structure but different Li occupancies as the XRD pattern of 

-Li3BN2 (ICDD PDF card #04-013-9542), one can conclude that the as-synthesized lithium boron nitride is 

a Li-deficient compound, -Li3-xBN2 (x > 0) because the first charge capacity is only ~300 mAh/g and its open 

circuit voltage is between fully charged and discharged states (Figure 1a).  

Although XPS analysis has revealed that charge and discharge of -Li3BN2 correspond to oxidation 

and reduction of N ions in the BN2 anion respectively, XPS is a surface-sensitive technique. Thus, to probe 

the oxidation state of N in bulk-Li3BN2 during charge/discharge, synchrotron-based photon-in-photon-out 

sXAS of the N-K edge has been conducted on several key samples. Such sXAS experiments through the 

fluorescence mode have the probe depth of ~100 nm, thus serving as a good complementary to the XPS 

analysis. As shown in Figure 3(a), there are three evolving features of the N-K XAS results, at ~399.5, ~401.0 

and ~403.0 eV, upon cycling. We note that the photon energy differences between these N-K XAS features 

are consistent with those obtained from the XPS analysis, i.e., ~2.0 eV (vs. ~1.7 eV for XPS) between the 

high energy features and ~1.5 eV (vs. ~1.3 eV for XPS) between the low energy features. Considering XPS 

probes the core level states, while XAS measures the conduction band states that could be slightly 

renormalized with the existence of the core hole, such a comparison shows a great consistency between the 

XPS and XAS results, and the three features, from low to high energies, are naturally assigned to the BN2
3-, 

BN2
2- and BN2

1- anions, respectively. Furthermore, the evolution of the three features upon cycling is 

consistent with the XPS result. Specifically, two clear trends are observed, that is, (i) the BN2
1- peak becomes 

stronger after charge because BN2
3- and BN2

2- anions get oxidized, and (ii) both BN2
1- and BN2

2- peaks 

become weaker after discharge because BN2
1- and BN2

2- anions are reduced to become the BN2
3- anion. As 

mentioned before, the presence of all three BN2 anions in one sample is due to inhomogeneous 

charge/discharge in the electrode.30-32  Thus, the sXAS and XPS analyses are consistent in both the relative 

energy positions and the evolution of the lineshape, indicating that both the surface and bulk of -Li3BN2 

have the same redox mechanisms. 

It is interesting to note that the sXAS analysis reveals that the as-synthesized lithium boron nitride 

powder is dominated by BN2
3- and BN2

2- anions in the bulk, consistent with the previous conclusion that the 

as-synthesized lithium boron nitride is a Li-deficient compound, i.e., it is -Li3-xBN2 (x > 0). Thus, there are Li 

vacancies in the as-synthesized condition. Furthermore, it is reasonable to assume that there is random filling 

of the two different Li positions (in and between the -Li-N-B-N- chains) due to the high synthesis temperature 
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and relatively quick cooling of the system after synthesis. This as-synthesized condition provides a possible 

mechanism for the observed phenomenon that the first cycle shows a charge plateau at a lower potential 

than the second cycle (Figure 1a), as discussed below. After the first discharge, all Li positions are filled and 

the subsequent delithiation in the charge process primarily vacates Li ions between the layers of the -Li-N-

B-N- chains, as revealed from the evolution of XRD patterns (see Figures 2d, 2e and 2f), and leaves the 

chains largely intact. Although the net result of delithiation is the extraction of Li+ ions between the layers of 

the -Li-N-B-N- chains, the delithiation pathway entails extraction of a Li+ ion in the -Li-N-B-N- chain first and 

then this vacancy is filled by a Li+ ion between the chains.21 In other words, delithiation proceeds via migration 

of Li+ ions from between the chains through the in-chain positions toward the surface of the crystal where 

they leave the crystal. Ultimately, all Li ions between the chains will be vacated and only in-chain Li positions 

will remain filled, just as the XRD data indicates. As such, the electrochemical potential for delithiation 

corresponds to the binding energy of Li in the chains and not to the binding energy of Li between the chains. 

The longer the chains, the greater the binding energy of Li in the chains due to the presence of long range 

conjugated pi-electron systems along the chains.21 Since the chains were fragmented in the as-synthesized 

material, the binding energy of Li in them was smaller than after the first discharge when the chains were 

fully established. This binding energy difference is indicated by the difference in the voltage plateaus of the 

first and second charges, i.e., Li extraction happens at an increased voltage in the second charge, due to the 

presence of the longer -Li-N-B-N- chains.  

The charge/discharge cycle stability of -Li3BN2 has also been evaluated. It is found that the capacity 

decay over cycles is relatively fast and depends on the solvent used to prepare the cathode slurry and the 

electrolyte. As shown in Figure 3(b), the capacity retention of -Li3BN2 is the best if N-methyl-2-pyrrolidone 

(NMP) is used to prepare both the cathode slurry and the electrolyte, but the cathode prepared using 

tetraethylene glycol dimethyl ether (tetraglyme) as the solvent for the slurry and NMP as the solvent for the 

electrolyte has the highest specific capacity in the first discharge. In all cases, the two charge/discharge 

plateaus are still present after 30 and 50 cycles (Figures 3c, 3d and S1), indicating that two-electron-transfer 

redox reactions still operate after 30 to 50 cycles even though the specific capacity has decreased 

significantly. The electrodes made using NMP for slurry preparation and tetraglyme or ethylene carbonate + 

diethyl carbonate (EC + DEC) as the electrolyte have also been evaluated, but did not result in good specific 

capacity (Figure S2). The phenomenon of fast capacity decay is not fully understood yet, but may suggest 

the wettability issue of -Li3BN2 by the solvent or possible side reactions between the solvent and -Li3BN2. 

Thus, future research in this area is warranted and proper coatings may offer a solution to the capacity decay 

problem if the decay is due to side reactions. Note that Li3N, a compound related to Li3BN2, has been reported 

to be incompatible with NMP due to the high reactivity of Li3N.29,33 However, this problem can be addressed 

by surface passivation through a dense layer consisting of crystalline Li2O and Li2CO3.29 Despite of the 

capacity decay in this study, cells with NMP solvent used for both the cathode slurry and the electrolyte still 

have a respectful specific capacity beyond 50 cycles (~250 mAh/g), which is equivalent to that offered by the 

best intercalation cathode materials known today. Finally, it should be mentioned that the observed capacity 
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decay is not due to dissolution of -Li3BN2 into the electrolytes because we have found that the solubility of 

the as-synthesized -Li3-xBN2 (x > 0) powder is less than 0.001 g in 100 mL of NMP and tetraglyme if any. 

In summary, we have conducted the first-ever investigation of -Li3BN2 as a transition metal free 

cathode material for Li-ion batteries and demonstrated a specific capacity of 890 mAh/g which is the highest 

specific capacity ever reported in literature for an intercalation-type cathode material. The charge storage 

mechanism of -Li3BN2 is found to be associated with the valence state change of N ions in the BN2 anion 

during Li-ion intercalation and de-intercalation. This work opens up new avenues to develop transition metal 

free, high capacity cathodes and lays a scientific foundation for designing high performance electrodes based 

on the valence state change of N ions in the future. 
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Figure 1: (a) Charge/discharge behavior of an -Li3BN2 half cell at the 0.1C rate in a 2032 coin cell. Anode 

– Li foil; Cathode – 45 wt% CB, 10 wt% PVDF and 45 wt% -Li3BN2; Electrolyte – 1M LiCF3SO3 in NMP, and 

(b) cyclic voltammogram of -Li3BN2 half cells with a Li foil as the counter and reference electrode. Scan 
rate: 0.2 mA/s between 1.2 and 2.7 V.  Note that cells with different CB concentrations exhibit similar CV 
curves. 
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Figure 2: (a) XPS N1s spectra for the cathode at different states of charge (S1 to S3) which are indicated in 

Figure 1(a). (b) XRD patterns of the as-synthesized -Li3BN2 with the peaks of -Li3BN2 indexed. Sample 1 
was synthesized at 900oC and used for battery testing, while Sample 2 was synthesized at 850°C with more 
un-reacted BN. (c) The crystal structure of α-Li3BN2 with a 3x3x3 supercell. Color code: Li – violet, B – 
magenta, N – blue. There are parallel layers of -Li-N-B-N- chains and Li ions between the layers. (d) XRD 

patterns of -Li3BN2 cathodes at different states of charge (X1, X2 and X3 indicated in Figure 1a) in 

comparison with -Li3BN2 (PDF # 00-040-1166). (e) Modeling of changes in relative intensities of -LixBN2 
peaks with respect to the site occupancy of Li ions between the layers of the linear –Li-N-B-N- chains 

(coordinated to 4 nearest N-s). (f) Modeling of changes in relative intensities of -LixBN2 peaks with respect 
to the site occupancy of Li ions in the layers of the linear –Li-N-B-N- chains (coordinated to 2 nearest N-s). 
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Figure 3: (a) N K-edge sXAS results of the as-synthesized, fully charged and fully discharged samples 
collected in bulk-sensitive fluorescence mode (dots – original data; solid lines – fitted curves), (b) the 

discharge specific capacity as a function of charge/discharge cycles for several -Li3BN2 half cells prepared 
using NMP or tetraglyme solvent for the cathode slurry and the electrolyte as indicated, (c) the voltage profiles 

of the 30th and 50th charge/discharge cycles of the -Li3BN2 half cell prepared using NMP solvent for both 
the cathode slurry and electrolyte, and (d) the voltage profiles of the 30th and 50th charge/discharge cycles of 

the -Li3BN2 half cell prepared using tetraglyme solvent for both the cathode slurry and electrolyte.  
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