Jonathan Tzadikov 
  
Mahmud Auinat 
  
Dr Jesús Barrio 
  
Dr Michael Volokh 
  
Guiming Peng 
  
Christel Gervais 
  
Yair Ein-Eli 
  
Menny Shalom 
email: mennysh@bgu.ac.il
  
Jesfflsb Arrio 
  
Michaelv Olokh 
  
Prof G P M Eng 
  
Shalom 
  
Dr M A Uinat 
  
Prof. Y Ein-Eli 
  
Layered Boron-Nitrogen-Carbon-Oxygen Materials with Tunable Composition as Lithium-Ion Battery Anodes

Keywords: boron-nitrogen-carbon, Li-ion batteries, hydrocarbons, electrochemistry, synthesis design

ou non, émanant des établissements d'enseignement et de recherche français ou étrangers, des laboratoires publics ou privés.

Introduction

Carbon materials have been the focus of immense research due to their unique conductivity and electronic properties. [1,2] The introductiono fh eteroatoms with different electronegativity,r elative to carbon, such as boron, nitrogen, and oxygen, into ac arbon materialc an significantly alter the optical and electronic properties, as well as sensing and catalytic activity. [3][4][5][6][7][8] Therefore, boron-carbon-nitrogen-oxygen (BNCO)m aterials are considered to be very promising materials for various applications, such as electronic, optical, and electrochemical devices,o wing to their tunable opticala nd electronic properties, which depend only on the amount and spatialo rganization of heteroatoms. Traditional BNCO synthetic methodsi nclude solid-state reactions, [9] chemical vapor deposition (CVD), [10] and organic addition reactions of BN to polycyclic aromatic hydrocarbons (PAHs). [11] Although an impressively wide range of materials were synthesized by these methods, there are still some drawbacks that limit furtherp rogress in this field. The CVD methodo ffers low scalability,w hereas the solid-state reactionp rovides moderate control over the composition and positionofheteroatoms within the carbon network and usually includes templating, [12] externalm edia, [13] and condensation of different solid powders. [14] Because the reactive interface of solids is their surface, fine-tuning the elemental composition within aB NCO composite is limited to the surface of the solid reactants. In addition, the reactivity of monomers is impeded by the difficulty of achieving their homogeneous distribution. Unlike solid-state reactions, in al iquid,t he miscibility of reactants ensures both the homogeneity andh igh reactivity of monomers;t huse nhancing control over the synthetic intermediates and final products. We envision that al iquid-state stage spanning aw ide temperature range, before the solidstate reaction, will circumvent many of the solid-state reaction limitations. This methodm ight pave the wayf or the synthesis of new BNCO and other materials with desirable electronic and chemicalproperties and controllable elemental composition.

Herein, we report an ew and straightforward approach to synthesize BNCO materials with controllable elemental ratio and tunable optical and electronic properties by using PAHs, rangingf rom naphthalene( Naph) to fluoranthene (Flu), and ammonia-borane (AB) as startingm onomers. Upon calcination at high temperatures, the two monomers form ac lear liquid solution up to about4 00 8C, before their final condensation into BNCO materials. Ad etailed structural analysis reveals that the monomers react in the liquid phase and establish boronnitrogen-carbon (BNC) bonds. The final BNC composition and BNCO photophysical properties can be easily altered by the The insertion of heteroatomsw ith differente lectronegativity into carbon materials can tune their chemical, electronic, and opticalp roperties. However,i nt raditional solid-states ynthesis, it is challenging to control the reactivity of monomers, and therefore, the amount and position of heteroatoms in the final materials. Herein, as imple, scalable, and general molten-state route to synthesize boron-nitrogen-carbon-oxygen (BNCO) materials with tunable boron-nitrogen-carbon composition, as well as electronic and opticalp roperties, is reported. The new synthetic approachc onsists of polycyclic aromatic hydrocarbons (PAHs) and ammonia-borane as reactants that form a clear liquid-state stage spanning aw ide temperature range, before the solid-state reaction. The molten-state stage enhances the control over the synthetic intermediates and final materials,o wing to improved monomer miscibility and reactivity. The BNCO composition and optical properties are tuned by the PAHs election and final reactiont emperature. The advantages of this method are demonstrated herein through the tunable optical properties, excellent stability to oxidization, facile deposition on substrates, and good activity as an anode material in lithium-ion batteries.

Results and Discussion

BNCO materials were prepared by mixingA Ba nd pyrene (Pyr) at am olarr atio of 1:1. The BNPyr x (x = final condensation temperature) materials were synthesized by placing the monomers in ac eramic crucible and heating to varying temperatures under aN 2 atmosphere (Scheme 1). Upon heating,t he two monomers exhibit am elting point in the range of 100-150 8C. To gether,t he molten monomers are miscible and, above 150 8C, am ilky homogeneous liquid is formed (Figure S1 in the Supporting Information).

XRD patterns (Figure S2 ai nt he Supporting Information) show that below 350 8Ct he monomers does not fully react and mainly patterns of the startingr eactants are detected. For BNPyr 350-700 ,t he XRD patterns imply the formation of layered carbon-like materials. The wide peak at around 22.18 for BNPyr 350 corresponds to an interplanars tacking of BN-containing polymeric materials [15] and amorphous graphite. [16] This peak is shiftedt oh igher values, reaching 24.28 in BNPyr 700 , which indicates as maller distance between the layers in the layered structure as the synthetic temperature rises. FTIR spectra (Figure S2 bi nt he Supporting Information) show ac ombination of characteristic BNCO composite bonds, which are present in all synthesized materials. The weak band at n ˜= 1406 cm À1 is attributed to the BÀNs tretching mode and the intense band at n ˜= 782 cm À1 is associated with BÀNÀBb ending. [17] The bands at n ˜= 1020 and 1083 cm À1 are relatedt oN À BÀOa nd BÀOÀBb onds, respectively, [18] whereas the one at n ˜= 1325 cm À1 corresponds to BÀO. [19] In addition, the presence of aC ÀNb ond is apparent from the band at n ˜= 1235 cm À1 . [20] The band at n ˜% 1577 cm À1 indicates C=Cb onds. [21] It seems that the binding of aB Nu nit to carbon occurs mainly through No rOa toms.

As the final condensation temperature rises above 350 8C, new BNCO materials form with different morphologies and properties to those of the starting monomers. The Raman spectrum (Figure S2 ci nt he Supporting Information) of BNPyr 700 shows Da nd Gb ands at 1340 and 1600 cm À1 ,r espectively.T he Ga nd Db ands are attributed to typical graphitic [22] and defects bands, respectively. [23,24] SEM images of BNPyr x at different calcination temperatures (Figure 1a-d andFigures S3 andS4 in the Supporting Information) indicatet hat the new BNCO materials show ar elatively consistentm orphology,o wing to the homogeneous molten phase as an intermediate. Moreover, the materials are composed of spherical particles, ranging from about 15 to 40 nm, due to the formation of ac olloidal suspensiona th igh temperature andt he boiling of monomers, which possibly results in escapingb ubbles. TEM images (Figure 1e-h and FiguresS5 and S6 in the Supporting Information) reveal that at lower temperatures there is ab lend of thin spherical BNCO particles and some small sheets.A st he condensation temperature increases, the BNCO exhibits al ayered structure and the morphologyo fl arge sheets (> 1 mm) is observed. EFTEM images (Figure 1i-l) of BNPyr 700 show that all elements are uniformly distributed throughout the BNCO material;t his demonstrates that the moltenr eaction forms ah omogeneous material.

X-ray photoelectron spectroscopy (XPS;F igure 2a-d and Figure S7 in the Supporting Information), thermogravimetric analysis( TGA;F igure 2f), and 11 B, 13 CC PM AS NMR spectroscopy (Figure 3) measurements at different reaction temperatures were acquired to elucidate the reaction path, intermediates, and chemical states of all elements in the final materials.

The B1 sX PS spectra (Figure 2a)o fB NPyr 350 show three peaks at 190. 7, 192.7, and 193.9 eV,c orresponding to BÀN, [25] BNÀC, [14] andb orate, [26] respectively.T hese peaks are presenti n other BNPyr samples as well (Figure S7 in the Supporting Information). All peaks mentioned are slightly shiftedt oh igher binding energiesi nB NPyr 700 duet ot he partial oxidation of nitrogen. The C1ss pectra of all BNPyr (Figure 2b and Figure S7 in the Supporting Information) reveal similar existences of sp 2carbon,C ÀN/CÀO, and C=Oa tb inding energies of 284.6-284.9, [27] 286.1-286.4, [12] and 287.3-287.8 eV, [28] respectively.W e could observe only an egligible amount (Figure S7 in the Supporting Information) of CÀBspecies in BNPyr 500 because this bond formation is less favorable energetically. This strengthens the assumption that boron binding occurs mainly through nitrogen and oxygen atoms.

The N1sspectra (Figure 2c and Figure S7 in the Supporting Information) for all BNPyr materials were deconvoluted into three peaks centered at 398.2-398.4, 399.0-399.5, and 400.0-400.2 eV,which were associated with NÀB, [14] NÀC, [29] and amine groups, [27] respectively. For BNPyr 700 ,the amine peak is positivity shifted to 401.7 eV,which indicates the formation of protonated nitrogen groups. [27] Anew peak at 404.4 eV corresponds to either shake-up [29] or oxidized nitrogen [30] .The presence of the abovementioned oxides isconfirmed by O1sXPS measurements (Figure 2d and Figure S7 in the Supporting Information). Postsynthetic oxidation of BCN materials, owing to their low crystallinity, is well described in literature. [31] EELS results for BNPyr 700 (Figure 2e) reveal typical B(188 eV), N (400 eV), C(284 eV), and O(530 eV) Kedges. All atoms show a doublet of p*and s*, which indicates acovalently bonded sp 2hybridized system of BNCO. [6] The growth mechanism and reaction steps of the BNCO materials were studied by TGA of AB mixed with Pyr (Figure 2f) under N 2 .The reaction can be divided into three main stages. First, from 25 to 147 8C, there is asmall weight loss, which corresponds to hydrogen release from the AB monomer and moisture evaporation. [33] The second weight loss, from 148 to 204 8C, the point at which both monomers melt and form a 3 3 stable solution,c an be attributedt ot he releaseo fg aseous molecular aminoborane. [33] The most prominentw eightl oss (69 %) occurs between 205 and 401 8C, with am aximum at 320 8C, at which the monomers react with one other.D uring condensation, borazine andh ydrogen are released, [33] and some unreacted monomers are evaporated.

This reaction temperature is typical for the condensation of carbon materials. The reaction can be easily scaled up, as exemplified hereb yas ingle synthesis of 2g of BNCO material (Figure S8 in the Supporting Information). It is important to note that the pyrolysis of Pyr solely resultsi ni ts full evaporation and decomposition, and no materials were observed afterwards (Figure S9 in the Supporting Information). AB condenses into white BN-likem aterials at high temperature, as previously reported (Figure S10 in the SupportingInformation). [33] This further accentuates the advantage of the liquid phase, which encourages interactions between the two monomers.

The atomic composition of the materials was thoroughly studied by combining elemental analysis (EA) and inductively coupled plasma (ICP) measurements (Table S1 in the Supporting Information). These measurements clearly affirm the successfuls ynthesis of BNCO materials and as uccessful incorporation of large amountso fb oron, nitrogen, carbon, and oxygen. The amounto fc arbon changes from 78.8 wt %f or BNPyr 300 to 48.9 wt %f or BNPyr 700 .U pon condensation at 500 8C, the amount of boron rises, reaching 29.9 wt %. Once the condensation temperature reaches 700 8C, the amount of boron stabilizes at around1 0wt%.T he starting amount of oxygen is 1.5 wt %, whereas for BNPyr 700 it reachesa sh igha s2 4.0 wt %. The amountso fn itrogen are slightly lower than that of boron, due to the releaseo fN H during the reaction.I na ddition, the EA and ICP data suggestt hat the empirical chemical formula is B 1.1 N 1 C 4.4 O 1.7 ,w hich indicates that three AB units react per Pyr molecule.

Further structural elucidation is provided by solid-state NMR spectroscopy data at different calcination temperatures;t his type of spectroscopy is well suited to the structural characterization of BNCO materials. [31] In close agreement with XPS analysis, 11 BM AS NMR spectra show three main signals at all condensation temperatures:as ignal at d iso = 17.6 ppm (C Q = 2.49 MHz, h = 0.2), corresponding to trigonal sp 2 -BO 3 ; [34] a signal at d iso = 0.2 ppm (no quadrupolar shape) duet ot etragonal BO 4 ; [35] and as ignal at d iso = 28.2 ppm (C Q = 3.0 MHz, h = 0.2), indicating the presence of planarB N, [36] whichs uggests domainso fs ix-membered BN rings. BNH 2 environments [37] (d iso = 31.1 ppm, C Q = 3.0 MHz, h = 0.2) are also presenti n BNPyr 300 ,b ut disappear at higher calcination temperatures following the release of hydrogena nd some amine groups. 13 C CP MAS NMR spectroscopy measurements of the materials at different temperatures revealt hat the chemical environment of the graphitic layer is similart ot hat of Pyr units (Figure 3b). At 700 8C, the 13 CNMR signal centered at d = 125 ppm is characteristic of turbostratic graphite, possibly oxidized.

Having all data at hand, we propose the growth mechanism illustrated in Scheme 1a nd SchemeS1i nt he Supporting Information. Upon heating, the two monomers create ah omogeneous ands table liquid solution. Contraryt ot he traditional solid-state reaction, the liquid phase allows the facile organicchemistry-like reaction of the two monomers up to 400 8C. Our results indicate that the formation of BNCOm aterials occurs through the formation of carbon-nitrogen and carbon-oxygen bonds, which meanst hat the AB monomer attacks Pyr.A t higher temperatures, full condensation to ag raphitic carbon with BNO domains is achieved. The similarity of the carbon XPS and 13 CNMR spectra of untreated Pyr and the BNCO materials after calcination at elevated temperatures suggests that the products are composed of many Pyr-likeunits.

The insertion of BN speciesi nto the carbon network leads to materials ranging from semiconductors with tunable absorption (Figure 4a)t os emimetals. [38] The simple alteration of their opticala nd electronic properties through this synthetic methodo pens up av ariety of possibilities towardt heir exploitation in various applications.

The optical properties weree asily tuned by increasing the condensation temperature. UV/Vis spectra (Figure 4a)o f BNPyr x show ar edshift in the absorption up to l = 800 nm with increasing condensation temperature, due to better carbonization of the materials andi mproved packing between the layers. The normalized PL spectra upon excitation at l = 365 nm are given in Figure 4b.I na ccordance with the absorption spectra,aclear redshift of the emission for the materials synthesized at highert emperature was obtained (Figure 4b shows the PL spectra of different powder samples excited at l = 365 nm). Interestingly,t he PL spectrum of BNPyr 500 is broader and coversa lmosta ll of the visible region;t his may be attributed to an ew electronic transition, owing to the formation of more defects sites on the surfaceo ft he material with increasing condensation temperature. [39] Notably,r elative to BNPyr materials, the emission spectrum of Pyr (Figure 4b)i s different andblueshifted. Furthermore, the BNCOs can be exfoliated by sonication in 2-propanol, resultingi nastable colloidal suspension with strong and tailoredo pticalp roperties (Figure S11i nt he Supporting Information). The PL spectra of BNCO dispersions are blueshifted relative to the corresponding powders, owing to successful exfoliation of the layers.

To demonstratet he generality of this method, we utilized AB with four other commonP AHs, namely,N aph, Ant, Phe, and Flu, as monomers instead of Pyr.T he full characterization of all materials at different calcination temperaturesi sg iven in Figures S12 andS 13 in the Supporting Information. The other PAHs melt at relativity similart emperatures and establish ah omogeneous solution with AB. Similar to Pyr,t he new PAHs react with AB to form BNCO materials with different photophysicalp roperties, ranging from semiconductors to metals (Figure 4e-f).

EA data (Figure 4d and Table S2 in the SupportingI nformation) shows that the carbon content within the material changes according to the starting PAHs;t hus, the selection of the PAHa llows the possibility to tune the final BNCO photo-physicala nd chemical properties. Furthermore, there is ad irect correlation between the startingP AH unit and the final optical properties, for example, the BNCO absorption edge ranges from near-UVw ith Naph to the visible region with Flu. This trend is confirmed by PL measurements (Figure 4e), for which BNNaph 350 exhibits an emission at l = 420 nm, whereas the emission of BNFlu 350 is redshifted to l = 530 nm.

Another important advantage of this synthetic route lies in its straightforward growth and deposition on substrates, such as FTO. Usually,s trong van der Waals interactions in layered materials (e.g.,g raphitic carbon nitride, boron nitride) and their low solubility make it almost impossible to deposit them on substrates. The molten-phase stage allows the formationo f an intimate contact with the substrate. Upon condensation, followed by cooling to room temperature, au niform layer with tunable optical properties can be acquired. As ap roof of concept, we deposited BNCO materials by using the same synthetic approach and placing FTO glass below the starting powder.

Figure 4c shows images of BNCO materials on FTO glass that werep repared from BNPyr and BNPhe at 350 and 400 8C. SEM images (Figures S15 and S16 in the Supporting Information) confirm the successful deposition of BNCO on FTO glass withoutp inholes.T he UV/Vis absorption edge (Figure 4c)o f the covered FTOs is blueshifted compared with the correspondingp owder samples, owing to thinner layer deposition. The thin layer also explains the similarity between the XRD patterns of the covered FTOs (Figure S17 in the Supporting Information)a nd plain FTO. FTIR spectra (Figure S17 in the Supporting Information) shows bands identical to that of BNCO powder. The facile growth of BNCO materials, together with their intriguing photophysical properties, encourage their utilization in photoelectronic devices, such as solar cells, photoelectrochemical cells, and light-emitting diodes.

The insertiono fh eteroatoms into ac arbon matrix usually increasesi ts stability to thermal oxidation. [5] TGA analysis (Figure S18 in the Supporting Information) shows that BNCO 700 exhibits superior stability to oxidation and about 80 %o ft he startingm aterials is preserved upon heating to 1000 8Ci na ir, which indicates that the materials can be used for applications that require high stability to oxidation.

Boron, due to its slightly lower electronegativity than that of carbon,i nduces electron-rich carbon, whereas nitrogen insertion causes surface defects that result in more reactive sites, [40] which should be beneficial for lithium-ion intercalation. It has been shown that BCN materials have relatively good capacity values when acting as an anode in al ithium-ionc ell setup. [41,[START_REF]Nanotubes and Nanosheets-Functionalization and Applications of Boron Nitride and OtherM aterials[END_REF] Therefore, we preformed preliminary studies on the utilization of the synthesized BNCO materials for reversible lithium-ion hosting. For this purpose, charge-discharge characteristics of the materials in ah alf-cell configuration versus lithium metal were evaluated, and the capacity and cycle stability of the BNCOs were deduced.F ives amples were synthesized at 700 8C with AB/Pyr molar ratios of 5:1, 2:1, 1:1, 1:2, and 1:5t od etermine the optimal composition. FTIR, XRD, EA, and ICP measurements are shown in Figure S19 and Ta ble S3 in the Supporting Information. Notably,a th igher calcination temperatures, the activity of the lithium-ion batteries decreases due to an increasedn umber of defects in the structure (Figures S20-23 and Ta bleS4i nt he Supporting Information).

The electronic conductivities of samples with AB/Pyr molar ratios of 5:1, 1:1, and 1:5a re 0.01, 0.50, and 0.65 mScm À1 ,r espectively;t his shows ag ood correlation between the starting amount of Pyr and C/N ratio (Table S5 in the Supporting Information). [START_REF] Dong | [END_REF] Figure5 presents the charge-discharge profiles of cycles 1, 5, 10, 50, and 100 of the 1:1B NPyr 700 composite electrode material, which were recorded during polarization at a constantc urrent of 0.1 mA cm À2 in ah alf-cell configuration versus Li metal (Figure 5a), and the cycle life stability analysis of the same cell (Figure 5b). The recorded capacity values are comparable to that of state-of-the-art graphite-based anodes. [44] Figure S24 in the Supporting Information presents the life cycle stabilityo ft he abovementioned materials with different AB/Pyr ratios, and it is evidentt hat the ratio between the starting materials has ad rastic influence on the measured capacity. Whereasalow Pyr content in the synthesis results in rather low reversible capacity values, the stability of all BNCO materials upon cycling is good. This is strongly evident in Figure 5c, which describest he cells being cycled at different current densities, from 0.1 to 1.6 mA cm À2 in ar eversible staircase mode. Whereast he initial capacity recordeda tacurrent density of 0.1 mA cm À2 is 350 mA hg À1 ,i ti sr educed to slightly to less than 300 mA hg À1 if the current density is doubled to 0.2 mA cm À2 .T he materials could sustain high capacity (225 mA hg À1 )i ft he current was doubled again to 0.4 mA cm À2 .I ft he current was drastically increased to 0.8 and 1.6 mA cm À2 ,t he capacities were still impressively high:1 80 and 140 mA hg À1 ,r espectively.I ft he current wasd ecreased back in as taircase mode of operation, the capacities recovered back to their originalv alues. This is as trong indicationo f rather fast lithium kinetics in the materials tructure, while maintaining high gravimetric capacities.

The observed capacity trend is expected because the carbonaceousc haracteristics within the materials might eventually be the factor that determines the reversible capacity.I na ddition, whereas the measured reversible capacity upon cyclingi s increased with increased Pyr content, the irreversible capacity, partially associated with the build-up of ap assivating film, [START_REF] Ein-Eli | .Ageneral scheme for the synthesis of BNCO. Figure 1. SEM images of BNPyr calcineda ta )350, b) 400,c)500, and d) 700 8C. TEM images BNPyr calcinedate )350, f) 400, g) 500, and h) 700 8C. Energy-filtered (EF) TEM imagesofB NPyr 700 :i )boron ([END_REF] is quite high for all electrode compositions. This may be wellc orrelated with the relatively high oxygen content in the BNCOs, as discussed earlier.I ti sp ostulated that, within the first lithiation processes of the BNCOs, lithium oxide species may be formed. [32] In-depth surfacea nalyses are being planned to better understand the performance of the materials. Such an understanding may pave the waytobetter design BNCO materials, as well as tuning the electrolyte composition, enabling a substantial decrease in the irreversible capacities, while maintaining the high stabilityu pon extensive cycling.

Conclusions

We have demonstrated as imple and general molten-state synthesis of BNCO materials with controllable BNC composition and tunable optical, chemical, and electronic properties.T he new synthesis becomes possible by using monomers with a distinct molten-phase window at high temperatures, namely, PAHs and AB. Similart ot he common organic synthesis approach,t he liquid-phase stage endows betterm iscibility and reactivity of the reactants compared with that of traditional solid-state reactions. Detailed structural analysis of the liquidstate intermediates and final BNCOm aterials at different calci-nation temperatures reveals that the reaction occurs through the establishment of aB ÀNÀCb ond, followed by further condensation to BNCO materials. We demonstrated that both the chemicalc omposition ando ptical and electronic properties could be tuned by selecting different PAHs, owing to the different carbon contents,a nd calcination temperatures.T he liquid-state stage allowst he deposition of at hick and uniform BNCO layer on ag iven substrate. The materials exhibit excellent stability to thermal oxidization, tunability of absorption and photoluminescence properties, as wella sg ood activity as an anode materiali nl ithium-ion batteries. We believe that the generality,s implicity,a nd scalability of this synthetic approach opens up opportunities for the synthesis of new materials (BNCO and others) with controllable elemental composition, as well as variable opticala nd electronic properties, toward their utilization in photoelectronic and electrochemical devices.

Experimental Section

Chemicals AB complex (90 %, Sigma-Aldrich, 104 8Cm elting point), Naph (99 %, Acros Organics, 80-82 8Cm elting point), Ant (99 %, Acros Organics, 214-218 8Cm elting point), Phe (98 %, Alfa Aesar,9 7-101 8C melting point), Pyr (98 %, Acros Organics, 145-148 8Cm elting point), and Flu (98 %, Sigma-Aldrich, 105-110 8Cm elting point) were used as received.

Synthesis

To prepare BNCO, Naph, Ant, Phe, Pyr,a nd Flu were mixed with the AB complex at am olar ratio of 1:1. Syntheses were carried out under an inert N 2 atmosphere at varying temperatures:2 50, 300, 350, 400, 500, 700, and 800 8C. The mixtures were heated at ar ate of 2.4 8Cmin À1 and held at the target temperature for 4h.

To deposit BNCOs on FTO substrates, either Pyr or Phe were mixed with AB complex (1:1 molar ratio) inside ac eramic crucible with FTO-covered glass on its bottom, with the conductive side facing up (facing the powder). Syntheses were carried out to different target temperatures ranging from 350 to 400 8C. The crucibles were heated under aN 2 atmosphere at ar ate of 2.4 8Cmin À1 and held at the target temperature for 4h.

Conductivity measurements

BNCO powders were ground by using aF ritsch Pulverisette 7p lanetary ball mill (3 mm ZrO 2 balls, for 45 min). The powders were then vacuum dried and their I-V curves were measured in ac onductivity cell by using atwo electrode setup.

Anodee lectrodep reparation

Preparation of BNCO materials for Li-ion half-cell studies was executed by mixing Pyr with AB at molar ratios of 5:1, 2:1, 1:1, 1:2, and 1:5. The mixtures were heated at ar ate of 2.4 8Cmin À1 and held at the target temperature for 4hunder aN 2 atmosphere. The obtained materials were ground by using an agate mortar and pestle, followed by 325 mesh sieving, to give particles of less than 44 mm. Slurries of the active BNCO materials (90 wt %) were prepared by mixing them with acetylene black (Super-P carbon), fol-lowed by the introduction of the mixture into N-methylpyrrolidinone (NMP) containing dissolved polyvinydene difluoride (PVDF). Electrodes were prepared by doctor blading the slurries on copper foil of 12 mmf ollowed by overnight drying in av acuum oven at 120 8C. The resulting composite BNCO electrodes held (3 AE 0.2) mg cm À2 with ac omposition of BNCO/Super-P/PVDF in ar atio of 8:1:1.

Electrochemical BNCO anode evaluation

Disk-shaped electrodes (with as urface area of 1.13 cm 2 )w ere cut and placed versus lithium-metal disk electrodes in aT -cell shaped electrochemical apparatus, by utilizing ethylene carbonate/dimethyl carbonate (EC/DMC;1 :3 v/v) electrolyte containing 1 m LiPF 6 . These half-cells were studied in ac onstant-current cycling mode of polarization (0.1 mA cm À2 )b etween the potentials of 2.00 and 0.01 Vv ersus Li/Li + .

Characterizationo fm aterials

XRD patterns were obtained by using aP ANalytical Empyrean diffractometer.AJ EOL JSM-7400F high-resolution scanning electron microscope, equipped with aF EG source, operated at 3.5 kV.T EM images were recorded on an FEI Te cnai T-12 G2 TWIN instrument operated at 120 kV.H igh-resolution (HR) TEM imaging, EFTEM, and EELS were carried out on aJ EOL JEM-2100F analytical transmission electron microscope operated at 200 kV equipped with GATAN8 94 US1000 camera. EFTEM experiments were performed by using a Gatan image filter.C arbon (284 eV), oxygen (532 eV), nitrogen (400 eV), and boron (188 eV) Ke dges were used for elemental mapping by means of the three-window method. EELS dispersion: 0.25 eV/ch, aperture 2.5 nm. Scanning TEM (STEM) images were recorded by using aG ATAN 806 HAADF STEM detector.T he probe size during analysis was set to 1nm. FTIR spectroscopy performed on aT hermo Scientific Nicolet iN 10MX IR microscope. Optical absorbance spectra were measured by using aC ary 100 spectrophotometer equipped with an integrating sphere, in reflectance mode. Fluorescence measurements were collected by using aF LS920P spectrofluorimeter.T he XPS data were collected by using an X-ray photoelectron spectrometer (ESCALAB 250) ultrahigh vacuum (1 10 À9 bar) apparatus with an Al Ka X-ray source and am onochromator.T he X-ray beam size was 500 mma nd survey spectra were recorded with ap ass energy (PE) of 150 eV,a nd high-energy-resolution spectra were recorded with aP Eo f2 0eV. To correct for charging effects, all spectra were calibrated relative to the C1 sp eak, positioned at 284.6 eV.T he XPS results were processed by using the AVANTAGE software. Solid-state 11 BM AS and 13 CC PM AS spectra were recorded on aB ruker AVANCE 700 spectrometer (16.3 T, n 0 ( 1 H) = 700.29 MHz, n 0 ( 11 B) = 224.68 MHz, n 0 ( 13 C) = 176.09 MHz) by using a4mm Bruker probe and as pinning frequency of 12 kHz for 13 Ca nd 14 kHz for 11 B. 13 CC PM AS experiments were recorded with ramped-amplitude cross polarization in the 1 Hc hannel to transfer magnetization from 1 Ht o 13 C. (Recycle delay = 600 sf or Pyr,3sf or heat-treated samples, CP contact time = 1ms, optimized 1 Hs pinal-64 decoupling.) 11 BM AS NMR spectra were recorded by using a spin-echo q-t-2q pulse sequence with q = 908,t oo vercome problems related to the probe signal. The t delay was synchronized with the spinning frequency.C hemical shift values were referenced to tetramethylsilane for 13 Ca nd BF 3 •OEt 2 for 11 B. Mass loss of the monomers, reaction intermediates, and the final material were obtained in at hermogravimetric analyzer (Q500). EA data for CHNSO was collected by using aT hermo Scientific Flash Smart elemental analyzer (OEA 2000). Boron content was acquired by dissolving the samples in concentrated nitric acid in an autoclave for 12 ha t 180 8C, and analyzing the sample in aS pectro ARCOS ICP-OES, FHX22 MultiView plasma (SOP,E OP), instrument. The Raman system comprised of aH oriba LabRam HR evolution micro-Raman system, equipped with aS ynapse Open Electrode CCD detector air-cooled to À60 8C. The excitation source was a l = 532 nm aircooled frequency doubled Nd:Yag laser.T he laser power on the sample was about 0.5 mW.T he laser was focused with a 100 objective to as pot of about 1 mm. The measurements were taken with a6 00 gmm À1 grating and a1 00 mmc onfocal microscope hole. The typical exposure time was 30 s. 
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 2 Figure 2. XPS spectrao fB NPyr 350, 700 for a) B1s, b) C1s, c) N1s, and d) O1s. e) Electron energy loss spectroscopy (EELS) results for BNPyr 700 ,and f) TGA and derivative weightc urves of the reaction between AB and Pyrunder N 2 .
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 3 Figure 3. a)11 BMAS NMR spectra of AB and BNPyr 300, 500, 700 .A simulation is proposed as an illustration for BNPyr 300 ;b)13 CCP MAS NMR spectra of Pyr and BNPyr 300, 500, 700 .
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 4 Figure 4. a) UV/Vis and b) normalized photoluminescence (PL;e x. l = 365 nm) spectraand imagesoft he powders of BNPyr 300, 350, 400, 500 .c)UV/Vis spectra of BNPhe 350, 400 and BNPyr 350, 400 on fluorine-doped tin oxide (FTO), and imageso ft he coveredF TOs. d) CcontentinB NCO [wt %] with different PAHs. e) UV/Vis and f) normalized PL (ex. l = 365 nm) spectra of BNPAH 350, 400 (naphthalene (Naph),a nthracene (Ant), phenanthrene (Phe), and fluoranthene (Flu)). The unnormalized PL spectrum is given in Figure S14 in the Supporting Information.
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 5 Figure 5. a) Charge-discharge profiles (cycles1 ,5,1 0, 50, and 100) of 1:1 BNPyr 700 obtainedfrom polarization under ac onstantc urrent of 0.1 mA cm À2 in ahalf-cell configuration versus Li metal. b) Life cycle stabilitya nalysis of the samecell. c) Performance rate of BNPyr 700 material:c ells were cycled in a staircase modeo fpolarization,a tdifferentc urrent densities of 0.1-1.6 mA cm À . 2
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