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13 Abstract

14 Along with the inherent remarkable properties of graphene, adatom-intercalated graphene-related 

15 systems are expected to exhibit tunable electronic properties. The metal-based atoms could provide 

16 multi-orbital hybridizations with the out-of-plane π-bondings on the carbon honeycomb lattice, which 

17 dominates the fundamental properties of chemisorption systems. In this work, using the first-principles 

18 calculations, the feature-rich properties of alkali-metal intercalated graphene nanoribbons (GNRs) are 

19 investigated, including edge passivation, stacking configurations, intercalation sites, stability, charge 

20 density distribution, magnetic configuration, and electronic properties. There exists a transformation 

21 from finite gap semiconducting to metallic behaviors, indicating enhanced electrical conductivity. They 

22 arise from the cooperative or competitive relations among the significant chemical bonds, finite-size 

23 quantum confinement, edge structure, and stacking order. Moreover, the decoration of edge structures 

24 with hydrogen and oxygen atoms is considered to provide more information about the stability and 

Page 1 of 26 Physical Chemistry Chemical Physics



2

25 magnetization due to the ribbons' effect. These findings will be helpful for experimental fabrications 

26 and measurements for further investigation of GNRs-based materials.

27

28 Keywords: graphene nanoribbons (GNRs), first-principles, electronic properties, alkali intercalated 

29 GNRs, edge structure.
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30 1. Introduction

31 Graphene nanoribbons (GNRs), a one-dimensional (1D) narrow strip of graphene, have 

32 motivated researchers to conduct numerous studies due to their fundamental properties such as easy 

33 synthesis and ability to open band gaps1-4. Through the 1D quantum confinement effects of GNR, the 

34 essential properties can be enhanced significantly, which could help overcome the limitations of 2D 

35 graphene with its zero-gap electronic structure5. Nanoribbon width and edge structure are crucial to the 

36 significant characteristics of GNRs, especially in bandgap engineering and magnetic configuration. The 

37 edges of GNRs can be characterized in two common types, namely armchair and zigzag (AGNRs and 

38 ZGNRs). The former belongs to non-magnetic (NM) semiconductors, whereas the latter are 

39 antiferromagnetic (AFM) ones6. In the cases of armchair ribbons, the ribbon width dependence has 

40 been reported with 3N rules that consider three types of ribbon configuration including 3N, 3N+1, and 

41 3N+2, where N is the number of dimer lines. Consequently, the largest bandgap could be found in the 

42 3N structure7. Generally, GNRs have been successfully synthesized under the top-down and bottom-up 

43 schemes including oxidation reaction8, 9, chemical vapor deposition10-12, and unzipping carbon 

44 nanotubes13, 14. However, roughness occurring at the ribbon edges during the synthesis process can 

45 reduce the mobility of GNRs because of the edge-scattering effects15, 16. To resolve this problem, 

46 adatom passivation at the edge is reported as an effective method5, 16, 17. The chemical bonds between 

47 adatoms and carbon atoms can reconstruct the edge structures and thereby drastically alter the 

48 electronic features. This study focuses on two typical adatom passivation types, H5, 16, 17, and O18-20, 

49 which are promising candidates in experimental and theoretical studies, respectively.

50 The properties of GNRs could be modulated by layered structures21, chemical or physical 

51 modifications22-26 such as doping22, 27/ adsorbing28, 29, functionalizing25, 26, or applying external fields30, 

52 31 for expanding the range of applications. It is worth mentioning that few-layer GNRs sharply contrast 

53 with monolayer systems in essential features, mainly owing to the various stacking configurations and 
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54 interlayer/intralayer spin distributions32, 33. The calculated results show that stacking configurations, 

55 especially AA and AB ones, reveal significant effects on electronic properties33-35. However, there are 

56 lacking studies regarding electronic properties, magnetic configurations, and geometric structures of O-

57 passivated layered GNRs as compared to the H-GNRs one. Moreover, despite this H-GNRs are well 

58 studied theoretically, predictions are not consistent with one another related to the existence of 

59 magnetism and the planar/non-planar geometry6, 36, 37. Thus, more complete and accurate results are 

60 required to clearly identify the stacking-induced diverse behaviors in O- and H- passivated bilayer 

61 GNRs.

62 Along with structural alternation, chemical modification on GNRs is the most effective strategy 

63 used for creating dramatic changes between the semiconducting and metallic behaviors. For layered 

64 systems, adatom intercalated GNRs have attracted more interest and concerns38-41 as promising for 

65 interconnect42, 43 materials. Among intercalated atoms, alkali metals have received long-standing 

66 attention for intercalation44-47 because of their simple electronic configuration and potential 

67 applications43 in energy storage. The alkali-intercalated possibility has been demonstrated in bilayer 

68 graphene11, 48 and MoS2, indicating high charge transfer from the alkali atoms to the host material49. 

69 Besides, varying the concentration of alkali atoms intercalation could adjust the work function of 

70 graphene on Cu(111)50 and the mean height of the carbon layer of graphene on Ir(111)45 explained 

71 through charge transfer. Moreover, alkali intercalated graphene can be used to manipulate the 

72 electronic properties of graphene46, 47 that could realize superconducting behavior51 in bilayer graphene. 

73 Hence, alkali intercalated graphene systems suggest possible and potential ways for model study and 

74 applications that are expected to tune essential properties of bilayer GNRs. The single-orbitals of alkali 

75 atoms (Li/Na) are expected to enhance the conductivity that might have capable applications as 

76 interconnect materials or anode materials for Li/Na-ion batteries.
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77 In this study, the fundamental properties of alkali-intercalated bilayer GNRs are systematically 

78 investigated by means of first-principles calculations. Both oxygen and hydrogen passivation are taken 

79 into account for comparison. The calculations focus on the formation energies, the adatom-carbon bond 

80 lengths, the optimal intercalated position, the adatom-dominated bands, the orbital projected density of 

81 states (PDOS), the charge density distributions, and the significant competitions of the carbon ribbon’s 

82 edge and the adatoms passivation/intercalation in spin configurations. The essential properties arising 

83 from distinct types stacking layers, ribbon edge structures, as well as passivated and intercalated 

84 adatoms will be discussed in detail.

85 2. Computational Method

86 The first-principles calculations were performed with the use of the Vienna ab initio simulation 

87 software package (VASP)52. The projector augmented wave method was implemented to evaluate the 

88 electron-ion interactions, in which the electron-electron Coulomb interactions belong to the many-

89 particle exchange and correlation energies under the Perdew-Burke-Ernzerhof (PBE)53 generalized 

90 gradient approximation. The spin configurations are considered to explore the chemical absorption 

91 effects on the magnetic properties. A vacuum of 15 Å was set to suppress the van der Waals (vdW) 

92 interactions between neighboring slabs. Besides, a DFT-D3 vdW interaction was applied for examining 

93 interaction between two layers54. A plane-wave basis set with a maximum energy cut-off of 500 eV is 

94 available in the calculations of Bloch wave functions. For the criterion of energy and force, all atomic 

95 coordinates were relaxed until the force on each atom is less than 0.001 eV/  and the energy Å

96 convergence was set at 10-5 eV. The k-points of  in Gamma symmetry and high-symmetric 15 × 1 × 1

97 -centered Brillouin zone grid were sampled for structural optimization and band energy calculations, Γ

98 respectively.

99 3. Results and discussion

100 3.1 Monolayer and bilayer GNRs
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101 Edge passivation could control electronic properties of GNRs, which is used to precisely 

102 fabricate the ribbon structure. Among passivated atoms, hydrogen is reportedly the best theoretically; 

103 however, oxygen is highly considered in experiments5, 16, 17, 19, 20, 36, 37, 55-58. Due to the difference in 

104 chemical bonds and interaction with the edge, possible arrangements59 of edge structures were 

105 considered both zigzag and armchair ribbons for both hydrogen and oxygen passivation. According to 

106 edge-formation energy per unit cell length, the distinct optimized zigzag and armchair H- and O-GNRs 

107 of monolayer is shown in Fig.S1 (Support information), indicated in different arrangements. Similarly, 

108 bilayer GNRs could also be constructed following these shapes (see Fig.1 and S2). In order to compare 

109 the stability of oxygen and hydrogen passivation, the formation energies calculation is also used, in 

110 which a smaller value indicates more favorable structures than others. The formation energy  of Ef

111 GNRs with hydrogen and oxygen edge passivation can be obtained as59-61

112 (1)Ef = [Esys ― (nC ∗ EC +
nO H

2 ∗ EO2 H2
)]/2L

113 where  is the total energy of GNR with oxygen or hydrogen termination;  and  are energy Esys EC EO2 H2

114 per atom of bulk AB graphite and oxygen or hydrogen molecules, respectively;  and  are the nC nO H

115 numbers of carbon and oxygen or hydrogen atoms, respectively; and L is the length of the edge. 

116 According to the results for   for monolayer cases shown in Table 1, oxygen passivation exhibits Ef

117 more stable structures than that of H-cases based on smaller formation energies that is in good 

118 agreement with experimental studies62-64. However, hydrogen-passivated edges are theoretically 

119 reported to prevent the edge rearrangement due to passivating dangling bonds5, 16, 17. A hydrogen atom 

120 can cause further transformation of a sp2 hybridized carbon atom at the edge to a sp3 hybridized atom, 

121 resulting in hydrogen-saturated edges. Therefore, both kinds of passivation are considered for further 

122 constructing bilayer systems. 
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123 Following the arrangement of stacking in graphite65-68, O- and H- passivated bilayer GNRs can 

124 be stacked in three types, namely AA,  and , as shown in Fig.1 and Fig.S2, respectively. As ABα ABβ

125 described in these figures, AA is formed by arranging the section layer is directly on the top of the first 

126 layer while  and  are created by translating the second layer one C-C bond length along the ABα ABβ

127 armchair and zigzag direction, respectively. Table 1 illustrates the formation energies of oxygen and 

128 hydrogen passivation bilayer GNRs, where oxygen passivation dominates in terms of structural 

129 stability. The more stable phases of ZGNR and AGNR are, respectively, AA and  for H-passivated ABβ

130 cases and  and  for O-passivated cases. Therefore, these structures are further utilized for alkali ABα ABβ

131 intercalated systems. Additionally, the bandgap and interlayer distance are listed in this table, 

132 indicating the effect of stacking. For example, AA and  exhibit metallic behavior while  shows ABβ ABα

133 a very small gap structure in the H-ZGNR system. Also, AGNRs display larger-bandgap compared to 

134 ZGNRs both H- and O-passivated cases (see Table 1). Bilayer GNRs reveal various stackings leading 

135 to enlarge geometry and electronic properties of GNRs.

136 Table 1. Formation energies, bandgap, interlayer distance of H-/O-passivated monolayer and bilayer 

137 GNRs with AA,  and  stacked structures.ABα ABβ

Monolayer Bilayer

H-passivated O-passivatedH-

passivated

O-

passivated AA ABα ABβ AA ABα ABβ

ZGNRs

Ef (eV) -0.8075 -2.4722 -1.7149 -1.7048 -1.6916 -4.9482 -4.9815 -4.9768

Eg (eV) 0.4 0.175 M 0.035 M 0.013 M 0.11

d1 -- -- 3.017 3.383 3.688 4.081 3.38 3.56
d ( )Å

d2 -- -- 3.554 3.352 3.51 3.75 3.438 3.452

AGNRs
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Ef (eV) -1.528 -2.8373 -2.6582 -2.7005 -2.7009 -5.6962 -5.7143 -5.7437

Eg (eV) 0.8 M 0.531 0.49 0.6 M 0.05 M

d1 -- -- 3.977 3.637 3.765 3.97 3.57 3.326
d ( )Å

d2 -- -- 3.95 3.692 3.404 3.683 3.462 3.52

M: metallic

138

139

140 Fig. 1 The top and side views of bilayer O-passivated (a) ZGNRs and (b) AGNRs with considering 

141 three kinds of stacking AA,  and , respectively. d1 and d2 describe interlayer distances of two ABα ABβ

142 layers near the edge and in the middle of the ribbon, respectively.

143 Electronic properties of GNRs are mainly determined by the edge structure, stackings, and 

144 quantum confinement effect. It is worth mentioning that bilayer GNRs are quite different from 

145 monolayer systems (see Fig.S3 in Support Information) in terms of energy dispersion, band 

146 overlap/bandgap, and van Hove singularities (vHs) in the DOS, as a result of stacking effect. 

147 Monolayer GNRs exhibit special 1D band structures owing to the honeycomb lattice symmetry, finite-
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148 size quantum confinement, and edge structure. ZGNR (Fig.S3a) has a pair of partially flat valence and 

149 conduction bands nearest to the Fermi level (EF) forming a direct gap of 0.4 eV, corresponding to wave 

150 functions localized at the zigzag boundaries due to the strong competition between quantum 

151 confinement and zigzag edge spin configuration (discussed later). For AGNRs, most of the energy 

152 dispersions are parabolic bands, while a few of them are partially flat ones. The low-lying electronic 

153 states within 2 eV and the deeper ones are, respectively, contributed by the  bonds of parallel 2pz ± 𝜋

154 orbitals and the  bonds of (2s,2px,2py) orbitals as described in the orbital-projected DOS. 𝜎

155

156 Fig. 2 Band energy structures and corresponding orbital-projected density of states (DOS) of H-

157 passivated (a) ZGNR_AA, (b) AGNR_  and O-passivated (c) ZGNR_ , (d) AGNR_ . Blue ABβ ABα ABβ

158 and red circles represent hydrogen and oxygen atom dominance, respectively. Solid and dash lines 

159 respectively describe spin up and down orbital density of states.

160 The electronic structures of H- and O-passivated bilayer GNRs (Fig.2) are systematically 

161 examined to determine the intercalation effect. The low-lying bands are composed of parabolic/linear 

162 and partially flat dispersions. Furthermore, the atomic edge illustrates distinct features in band 

163 structures, demonstrated in band gap and band overlap, in which H-AGNR (Fig.2b) belongs to direct 
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164 band gap of 0.6 eV, whereas a pair of linear bands intersecting at EF is found in H-ZGNR (Fig.2a) and 

165 O-GNR (Fig.2c, d). Obviously, oxygen atoms perform a strong passivation effect, indicated in their 

166 significant dominance near the Fermi level while hydrogen atoms only weakly contribute at the middle-

167 energy |Ec,v| >3. There exist the sp2s hybridizations in the C-H bonds, since there are peaks in the DOS 

168 dominated simultaneously by H-1s and C-(2s, 2px, 2py) orbital. On the other hand, the strong C-O 

169 bonds reveal the 2pz-2pz and (2s, 2px, 2py)- (2s, 2px, 2py) orbital hybridizations. The translation from  𝜋

170 to co-exist -  bonds in the valence bands near the Fermi level between H- and O-case corresponding 𝜋 𝜎

171 to the strong distribution of C-pz and C-pz, C-px,C-py, O-pz orbitals in PDOS, respectively, further 

172 reveals the effect of atomic edge structure. 

173 3.2 Alkali adatom-intercalated bilayer GNRs

174

175 Fig. 3 Structural optimization of Alkali-intercalated GNRs in O-passivated (a) zigzag and (b) armchair 

176 edges with max, half, min_central, and min_edge intercalations. Green circles represent alkali atoms 

177 intercalated bilayer GNRs. 

Page 10 of 26Physical Chemistry Chemical Physics



11

178 Alkali adatom intercalate bilayer GNRs can create an unusual geometric structure, being 

179 sensitive to the alkali (Li, Na) distribution and concentration. As discussed earlier, in the case of H- and 

180 O-passivated bilayer ZGNRs/AGNRs, the lower formation energies, prefer bilayer stacking 

181 corresponding to AA/   and / , respectively. However, after Alkali intercalation, these ABβ ABα ABβ

182 stacking types are somehow shifted, indicating its effect on interlayer van der Waals interaction 

183 between layers, as shown in Fig.3. This is different from the case of Alkali intercalated graphite/layered 

184 graphene, in which the stable AB staking is shifted to AA stacking after intercalation. Based on the 

185 calculation result, the optimal position of alkali atoms is situated at the hollow site of one layer’s 

186 honeycomb lattice. There are four main types of intercalations are investigated, namely fully-

187 intercalation (max), half-intercalation (half), single-intercalation at the ribbon edge (min_edge), and 

188 single-intercalation at the center of ribbon (min_central), in which the max alkali distribution is similar 

189 to that of LiC6 in graphite anodes69. In Fig.S4, the systems that are intercalated with H-GNRs are 

190 demonstrated using the same concentrations. The interlayer distance is specified in two values 

191 indicated by d1 and d2 at the edge and in the middle of the ribbon's width (Fig.3). The effects of adatom 

192 passivation and intercalation on layered GNRs are described in Table 2 and Fig.4. As shown in the 

193 table, interlayer distance is distinct depending on interaction between two stacking layers and the effect 

194 of intercalant as well as passivation. The distance could be increased by intercalated atoms, in which 

195 sodium cases show remarkably larger distance compared to lithium systems. In each intercalant system, 

196 the distance between position d2 and d1 is totally different based on intercalant position. Consider the 

197 central cases of ZGNRs as representative, d2 is larger than d1 because of intercalant located in the 

198 middle of the ribbon (see Table 2). Moreover, the intercalant could affect the C-C bond length in planar 

199 GNRs as shown in Fig.4 leading to the strongly non-uniform environment. Furthermore, intercalant 

200 exhibits a strong bonding with oxygen (A-O bonds) at the edge and modifies C-C and C-O bonds in 

201 this region. In contrast, A-H bonds are absent in all cases, indicating that oxygen is more active than 
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202 hydrogen that might come from the active 2p orbitals of oxygen atoms. Hence, alkali intercalated 

203 bilayer GNRs not only contribute to interaction between two layers but also adjust the chemical and 

204 structural environment of GNRs.

205 Table 2. Interlayer distance near the edge (d1) and at the middle of the ribbon (d2) of A-intercalated 

206 GNRs in both H- and O-passivated cases.

H-passivated O-passivated

Zigzag Armchair Zigzag Armchair

(1) (2) (3) (4) (1) (2) (3) (4) (1) (2) (3) (4) (1) (2) (3) (4)

d1 3.9 3.69 3.68 3.31 4.21 3.96 3.6 3.96 3.8 3.32 4.02 3.38 3.92 3.92 4.13 3.28
Li

d2 3.72 3.65 3.66 3.76 4.2 3.84 3.43 3.89 4.02 4.04 3.52 3.93 3.8 4.0 3.52 3.92

d1 4.52 5.38 4.6 3.57 4.38 5.04 4.25 3.66 4.45 3.96 3.51 3.46 5.67 4.37 3.49 3.71
Na

d2 4.45 4.24 3.62 4.79 4.63 4.33 3.65 4.13 6.83 5.38 3.52 4.7 6.84 5.27 3.53 4.78

(1): max, (2): half, (3): min_edge, (4): min_central

207

208

Page 12 of 26Physical Chemistry Chemical Physics



13

209 Fig. 4 Chemical bond length ( ) of C-C, H-C, O-C and A-C bondings in the max case of Li-Å

210 intercalated (a) H-ZGNR, (b) O-ZGNR, (c) H-AGNR, (d) O-AGNR and Na-intercalated e) O-ZGNR, f) 

211 O-AGNR indicates non-uniform environment after intercalating.

212

213 Fig. 5 Band energy spectra of Li-intercalated bilayer (a) H-ZGNR, (b) H-AGNR in the max case and (c) 

214 H-ZGNR, (d) H-AGNR in the min_central case. Green circles represent lithium atom dominance in 

215 band structures. Solid and dash lines respectively describe spin up and down orbital density of states.
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216

217 Fig. 6 Band energy structures of (a) Li- and (b) Na-intercalated O-GNRs in the max and min_central 

218 cases.

219 The alkali-intercalated GNRs exhibit feature-rich electronic properties, being dominated by the 

220 finite-size confinement, the critical orbital hybridizations in C-C, C-A, O/H-C and O-A bonds. Band 

221 energy spectra and orbital-projected DOS provide more information about these interactions through 

222 the contribution of orbitals and atoms in the system shown in Figs.5, 6 and 7. Accordingly, the band 

223 energy structure and corresponding orbital-projected DOS of Li-intercalated H-GNRs (Fig.5), band 

224 energy spectra of Li- and Na-intercalated O-GNRs (Fig.6), and orbital-projected DOS of Li-, Na-

225 intercalated O-GNRs (Fig.7) are considered with the max and min_central cases. Other cases are also 

226 shown in Fig.S5 in Support information for displaying their characteristics. All A-intercalated GNRs 

227 exhibit metallic behavior due to the overlap between conduction and valence bands. Energy bands 

228 reveal significant blue shift with the shifting of EF toward the conduction band about 0.5 eV to 1.5 eV, 

229 which is proportional to the Li concentration. Furthermore, there exists the edge-atom-induced valence 

230 and conduction bands in which lithium atoms reveal the strong effect in conduction bands based on 

231 adatom dominance. Apart from the contribution in conduction band, sodium atoms exhibit the 
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232 dominance in the valence band near the Fermi level (see Fig.6b), indicating the slightly distorted  𝜋

233 bonding. To further verify the bandgap of these systems, the hybrid functional Heyd-Scuseria-

234 Ernzerhof (HSE06)70 was considered for a comparison. Band energy spectra of H-ZGNR and Li-

235 intercalated H-ZGNR in the min_central case (Fig.S6) remain the metallic behavior as reported in PBE 

236 calculations with a good trend in vibration. Besides, the main characteristics of electronic structures are 

237 directly reflected in the DOS, as shown in Fig.7. Alkali intercalated GNRs reveal s-2pz and 2p-2pz 

238 orbital hybridizations in A-C/H-C and O-C belonging to hydrogen and oxygen passivation, respectively. 

239 Specifically, oxygen passivated cases indicate strong orbital hybridization due to 2p-2pz because of the 

240 outmost 2p orbitals of oxygen (see Fig.7) while this bond is absent in hydrogen cases. Moreover, A-

241 intercalated HGNRs remain  bond near the Fermi level due to pz orbitals with green curves (see Fig.5). 𝜋

242 On the other hand,  and sp3 bonds based on (px, py) and (s, px, py, pz) orbitals make significant 𝜎

243 contributions to the valence DOS in oxygen passivated cases of both Li and Na intercalations (see 

244 Fig.7). Hydrogen and oxygen passivation display distinct features from each other in bilayer GNRs in 

245 both pristine and intercalated cases. Additionally, Na-intercalated systems show higher density of states 

246 compared to Li-intercalated cases because of more charge contribution which comes from its larger 

247 atom size. Hence, the intercalant not only affects structural characteristics such as bond length and 

248 interlayer distance, but also electronic features as mentioned in the energy bands and orbital-projected 

249 DOS. 

250 In order to further comprehend the multi- or single-orbital hybridizations in A-C, H-C or O-C 

251 bonds, which dominate the essential properties, the spatial charge distributions have been taken into 

252 account. The charge density difference, created by subtracting the charge density of graphene and 

253 halogen atoms from that of the composite system, can provide very useful information about the 

254 chemical bondings and thus explain the dramatic changes of electronic structures. As crucial evidence 

255 for interaction, charge distribution of alkali intercalated GNRs provide more information about bonding 
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256 that exhibits the coexistence and common contribution of alkali and carbon atoms (see Fig.8 and 

257 Figs.S7, S8). In Fig.8, the charge density is exhibited in the side view for the max and min_central 

258 cases of A-intercalated O-GNRs. The charge distribution corresponding to intercalant and O-GNRs in 

259 cases of half and min_edge, and H-GNRs in cases of max and min_edge systems are also shown in 

260 Figs.S7 and S8. Obviously, the optimal intercalated GNRs display the buckled structure instead of the 

261 planar one as pristine monolayer case. This indicates that the - and - bonds of carbon are somehow 𝜎 𝜋

262 distorted due to the edge passivation and intercalation effect. According to the charge density, A-C and 

263 O-C bondings are revealed contribution in the region around lithium atoms indicating the van der 

264 Waals interactions and orbital hybridization in the system. Furthermore, there exist charge variations 

265 between alkali and carbon atoms, arising from the s-2pz orbital hybridization in A-C bonds and 2p-2pz 

266 orbital hybridization in O-C bonds. It is worth noting that the well-extended -bonding in graphene is 𝜎

267 hardly affected by alkali intercalation but dramatically affected by oxygen passivation, leading to the 

268 modifications on the carbon dominated valence bands. The -bonds are distorted only near the adatom 𝜋

269 sites, and they behave like the normal extended states at other positions.

Page 16 of 26Physical Chemistry Chemical Physics



17

270

271 Fig. 7 Orbital-projected DOS of (a) Li- and (b) Na-intercalated O-GNRs in the max and min_central 

272 cases.
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273

274 Fig. 8 The charge density difference of Li-intercalated (a) O-AGNRs, (b) O-ZGNRs, c) Na-intercalated 

275 (c) O-AGNRs, (d) O-ZGNRs in the max and min_central cases.

276 Interestingly, there are significant differences in magnetic configurations between O- and H-

277 passivated GNRs which were not reported elsewhere previously. In cases of non-passivation GNR, it is 

278 well-known that the ZGNR belongs to AFM, while the armchair one is NM. This AFM has zero net 

279 magnetic moment, since two edges in a zigzag system are symmetric about the center of the 

280 nanoribbon (see Fig. S9). Based on our spin-polarized calculations, O-passivation cases display NM 

281 configurations for all the monolayer and bilayer structures, even with the zigzag edge. As shown 

282 previously in the electronic structures (Fig. 5, Fig 6, Fig. 7) and charge density (Fig. 8), the strong 

283 bonding between O atoms and ribbon edge’s C atoms has destroyed the AFM configuration of non-

284 passivated ZGNR. In cases of H-passivation, due to the weak s-2pz orbital hybridization in H-C bonds, 

285 the magnetic configuration remains the same as non-passivation case. For bilayer GNRs, the typical 
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286 spin configurations can be classified as AFM-AFM, FM-AFM, and FM-FM, corresponding to their 

287 intralayer-interlayer (single layer-bilayer) spin arrangements. The AFM-AFM and FM-AFM models as 

288 shown in Figs.9 (a-f) are the stable magnetic configurations for all three types of stacking AA,  and ABα

289 , owing to the lower ground state energies (see Table S1). The magnetic moment on the edge atom ABβ

290 (carbon edge) and total magnetic moment in single and bilayer are also listed in Table S2 of the 

291 Supporting Information. With AFM-AFM model (Figs. 9b, 9d, 9f), spin up and down are split into two 

292 edges within each layer (AFM intralayer spin arrangement). Looking at the bilayer as a whole, the 

293 interlayer spin arrangements are inverse on the same edge (AFM interlayer spin arrangement). Whereas 

294 FM-AFM cases (Figs. 9a, 9c, 9e, 9g), one layer presents spin-up while the other indicates spin-down 

295 configurations (FM intralayer spin arrangement). On the same edge of the bilayer, spin up and down 

296 are inverse (AFM interlayer spin arrangement). For FM-FM cases (Figs. 9h, 9i), each layer and the 

297 overall bilayer present spin-up dominated configurations. These aforementioned differences in edge 

298 passivation and spin configurations could lead to diverse electronic properties. Under intercalation 

299 (Fig.9 (g-i)), the spin configuration is strongly distorted. Intercalation at high concentrations can 

300 destroy the surrounding spin configuration due to strong bonds between intercalated atoms and carbons 

301 as illustrated in Fig. 9g for the half_edge case. In contrast, the spin distribution remains at the 

302 intercalation edge but is absent at the non-intercalation edge at low intercalation (Fig. 9h). Similar 

303 behavior could be observed in the case of Na adatoms (Fig. 9i). As shown by the significant difference 

304 in layer distance between the two edges of the ribbon, this could be the result of the vdW interaction 

305 effect on spin polarization. This effect of vdW on magnetic configuration is also observed in other 

306 layered systems71.
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307

308 Fig. 9 The top and side views of spin distribution considering various magnetic configurations 

309 including (a) FM-AFM, (b) AFM-AFM in AA-stacked, (c) FM-AFM, (d) AFM-AFM in -stacked, ABα

310 (e) FM-AFM, (f) AFM-AFM in -stacked H-ZGNR. The spin displacement after intercalation of Li ABβ

311 intercalated AA H-ZGNR in g) half, (h) min_edge cases, and (i) Na intercalated AA H-ZGNR in 
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312 min_edge case. Red and blue circles describe spin up and spin down distribution. The interlayer 

313 distances at two edges and center of the ribbon were also displayed.

314 Additionally, the main features of band structures and DOS could be examined by angle-

315 resolved photoemission spectroscopy (ARPES) and scanning tunneling spectroscopy (STS) 

316 measurements. ARPES is an effective tool in identifying the diverse band structures of graphene-based 

317 systems, e.g., the 1D parabolic valence bands near the  point accompanied with band gaps and distinct Γ

318 energy spacings of AGNRs in the presence/absence of edge passivation72, 73. The greatly modified band 

319 structures of the Ti-absorbed graphene74 or the red shift of 1.0-1.5 eV in the pi bands (n-type doping)75 

320 has been confirmed by using high-resolution ARPES. On the other hand, STS measurements of the 

321 dI/dV spectra, which is proportional to the local DOS, has confirmed the asymmetric peaks of 1D 

322 parabolic bands of GNRs76, 77 and the opening of confinement energy gap72, 78.

323 Regarding applications, intercalated systems are expected to play a role in the next and modern 

324 generation of materials which are technology nodes4, 57, 69 including anodes, cathodes, electrolytes, and 

325 interconnects. Among them, interconnect performance of GNRs has become an emergent and 

326 fascinating structure in integrated circuits because of their limitations of speed. As shown in Figs.5, 6, 

327 and 7, the upward shift in the Fermi level of Li-intercalated GNRs energy bands corresponding to an 

328 increase in conductivity results from injection of carrier from the intercalate layer. Meanwhile, the 

329 increased interlayer distance after intercalation (see Table 2 and Fig.9) leads to higher mean free path 

330 (MFP) that supports the interconnect feature. The distributed perpendicular resistance between GNR 

331 layers depends on c-axis resistivity and interlayer spacing, in which the highly c-axis conductivity 

332 induces the enhanced interconnect with the effective resistance decreases. Instead of using Cu in 

333 interconnects, Li intercalation exhibits an improvement in the in-plane conductivity along the c axis of 

334 GNRs43 which has been reported in experimental measurement about the function of interconnect such 

335 as lowest delay and energy delay product (EDP). Thus, Li/Na-intercalated GNRs have promise as a 
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336 potential candidate for interconnect applications42, 43, suggesting that alkali intercalated systems could 

337 support this point. Besides, one of the most appealing properties of 2D materials is superconductivity 

338 which has been applied in recent material science. However, a superconducting state in pristine 

339 monolayer graphene has not been reported, leading to a manipulation in atomic structure to induce this 

340 feature in graphene or graphene-based systems. A DFT study on alkaline-intercalated bilayer graphene 

341 C6XC6 (X = K, Rb)51 reveal metallic behavior, and a phonon-mediated superconducting state based on 

342 electron-phonon coupling was predicted with Tc ranging from 5.47-14.56K. At a Tc of 7.9-9.8K, 

343 superconductivity with strong electron-phonon coupling is also predicted in CaC2 carbon ribbon 

344 structure79. Similar anticipations have been made for various graphite-intercalated compounds79-82. It is 

345 believed that phonons mediate the superconductivity in metal-intercalated carbon superconductors, 

346 with electron-phonon coupling as the underlaying mechanism superconductivity81-83. Hence, Li/Na-

347 intercalated GNRs with similar structures and metallic behavior may exhibit a phonon-mediated state. 

348 Generally, this work is hopeful that our findings can stimulate further experimental studies on essential 

349 and state-of-the-art properties of intercalated bilayer GNRs by verifying the results and predictions 

350 herein.

351 Concluding Remarks   

352 In this work, layered GNR structures with hydrogen and oxygen passivation edges have been 

353 optimized by means of first-principles calculations. A comparison between two passivations was also 

354 considered in order to verify significant and distinct features, in which H-passivated cases exhibited 

355 magnetic configuration while the NM behavior was found in all O-passivated systems. AFM-AFM and 

356 FM-AFM configurations display stable magnetic structures in bilayer and intercalated H-GNRs, in 

357 which the significant effect of intercalation and vdW interaction was observed. Moreover, the alkali-

358 metals-intercalated layered GNRs can induce metallic behaviors, indicating higher carrier density 

359 compared to the semiconducting pristine GNR ones. Furthermore, our systems suggest the application 
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360 in interconnect materials, or further research in superconducting states due to their metallic behavior. In 

361 each intercalated case, intercalant displays different features, resulted in interlayer distance, atom 

362 dominance in band energy and orbital distribution in DOS, in which sodium shows the stronger 

363 distribution in band energy and enlarged interlayer distance, as well as higher density of states. There 

364 are feature-rich geometric and electronic properties, being dominated by the finite-size confinement, 

365 edge passivation, Van der Waal interactions, and the critical orbital hybridizations in C-C, C-A, O-C, 

366 H-C and O-A bonds. The predicted geometric structures, electronic properties, and magnetic 

367 configurations are worthy of further experimental examinations. Hence, the present work should serve 

368 as a first step toward further investigation into other necessary properties of alkali-metals-intercalated 

369 GNRs for fabrication and potential devices.
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