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Chain-Like Structure Formed in Iodine Monochloride Graphite Intercalation Compounds

The structure of iodine monochloride (ICl) intercalated into graphite (GIC) has been revisited, and a stage 1 stoichiometry of about 10 carbon atoms to 1 ICl molecule is determined. Intercalation proceeds readily at room temperature without additional energy input.

A chain-like structure of alternating halogen species is proposed for the intercalation layer based on detailed Raman spectroscopic analysis and ab-initio calculations. Long range ordering is observed, reaching beyond one layer of carbon. Calculated density of states shows p-doping of the carbon layers upon intercalation, in agreement with Raman spectroscopic analysis. The intercalation is reversible upon heating and can be cycled several times. While Iodine chains have been observed in other nanocarbons, ICl is the first example of extended halogen chains intercalated in graphite. Indeed, intercalant phases of acceptor GICs have rarely been studied to date, and the current findings are potentially of interest in structural chemistry, material science, and solid-state batteries and other areas.

Introduction

Reversibly intercalating ions into host materials, especially graphite, is the essence of rockingchair type batteries. The most famous example and archetype is the Li-ion battery, commercialized in 1991, that still today represents the benchmark anode. [START_REF] Li | Intercalation Chemistry of Graphite: Alkali Metal Ions and Beyond[END_REF][START_REF] Jian | Carbon Electrodes for K-Ion Batteries[END_REF] Graphite is a unique host lattice due to its redox amphoteric character, forming graphite intercalation compounds (GICs) with both donor and acceptor compounds. [START_REF] Fredenhagen | Die Bindung von Kalium Durch Kohlenstoff[END_REF][START_REF] Levy | Intercalated Layered Materials[END_REF][START_REF] Hennig | Interstitial Compounds of Graphite[END_REF][START_REF] Stumpp | The Intercalation of Metal Chlorides and Bromides into Graphite[END_REF][START_REF] Nixon | Formation and Structure of the Potassium Graphites[END_REF][START_REF] Guerard | Intercalation of Lithium into Graphite and Other Carbons[END_REF][START_REF] Rüdorff | Graphite Intercalation Compounds (GIC)[END_REF][START_REF] Rüdorff | Über Alkaligraphitverbindungen[END_REF][START_REF] Rybin | Modification of Graphene Electronic Properties via Controllable Gas-Phase Doping with Copper Chloride[END_REF] These GICs exhibit fascinating properties and have been described as synthetic metals, due to their electrical behavior. Even superconductivity, albeit at low temperature, has been observed for some GICs. [START_REF] Weller | Superconductivity in the Intercalated Graphite Compounds C6Yb and C6Ca[END_REF][START_REF] Csányi | The Role of the Interlayer State in the Electronic Structure of Superconducting Graphite Intercalated Compounds[END_REF] One of the most interesting aspects of GICs is that mostly defined ordering, so-called staging, is observed, where the distance between two adjacent carbon layers is well defined. [START_REF] Millman | Origin of Simple Staging in Graphite Intercalation Compounds[END_REF][START_REF] Safran | Electrostatic Interactions and Staging in Graphite Intercalation Compounds[END_REF][START_REF] Safran | Phase Diagrams for Staged Intercalation Compounds[END_REF] Stage 1 is the simplest of all possible structures, and here each layer of carbon alternates with one layer of intercalant. In general, the intercalant is not randomly distributed but has the tendency to group together into domains. In case of lower intercalant concentration, this leads to multiple carbon layers without any intercalant, followed by a filled intercalant layer, and is conventionally called stage 2, stage 3 and so forth. This behavior is especially striking at very low intercalant concentrations and stable, crystallographically ordered stages of more than stage 8 have been described (8 layers of carbon followed by 1 layer of intercalant). [START_REF] Levy | Intercalated Layered Materials[END_REF] The observation of stages has been explained by an interplay between long range cooperative interactions and electron transfer, either from or to the carbon layer. Both aspects favor the maximizing of the intercalant concentration in one domain. [START_REF] Dahn | Elastic Energy and Staging in Intercalation Compounds[END_REF][START_REF] Safran | Long-Range Elastic Interactions and Staging in Graphite Intercalation Compounds[END_REF] Although, the freedom of motion of the intercalant is reduced, a high diffusibility of the intercalant is commonly observed inside the intercalant layer, [START_REF] Lauginie | Graphite Lamellar Compounds EPR Studies[END_REF][START_REF] Conard | Magnetic Resonance in Graphite Intercalated Compounds[END_REF] which explains the importance of GICs for modern batteries as mentioned above. [START_REF] Manthiram | A Reflection on Lithium-Ion Battery Cathode Chemistry[END_REF] Moreover, graphite intercalation compounds (GICs) are the basis for various liquid based exfoliation processes, including graphite oxide, superacid based methods, and graphenide solutions. [START_REF] Behabtu | Spontaneous High-Concentration Dispersions and Liquid Crystals of Graphene[END_REF][START_REF] Chung | A Review of Exfoliated Graphite[END_REF][START_REF] Vallés | Solutions of Negatively Charged Graphene Sheets and Ribbons[END_REF][START_REF] Chua | Chemical Reduction of Graphene Oxide: A Synthetic Chemistry Viewpoint[END_REF][START_REF] Eigler | Chemistry with Graphene and Graphene Oxide -Challenges for Synthetic Chemists[END_REF][START_REF] Hummers | Preparation of Graphitic Oxide[END_REF][START_REF] Thiele | Über Die Quellung von Graphit[END_REF][START_REF] Dimiev | Mechanism of Graphene Oxide Formation[END_REF][30] A detailed understanding of the intercalant layer in GICs is made harder by the tendency to form domains, the difficulty distinguishing between kinetic and thermodynamic products, and diffusibility within the intercalant layer. [START_REF] Safran | Domain Growth of Degenerate Phases[END_REF] In consequence, for the vast majority of GICs, the distance between nearest carbon layers is known in detail, whereas the position and structure of the intercalant molecules is unknown. Notable exceptions are mostly on the donor side of GICs for which detailed structural investigations have been performed, notably KC 8 , and lately SrC 6 . [START_REF] El Hajj | Crystal Structure of First Stage Strontium-Graphite Intercalation Compound[END_REF] On the acceptor side, the degree of complexity is much more pronounced, and knowledge of the structures formed in the intercalant layer is sparse. The best studied acceptor GIC is arguably Br 2 -GIC, where a maximum of stage 2 GICs can be reached and depending on the temperature, either a commensurable, incommensurable or liquid like structure in the intercalant layer is formed. [START_REF] Simon | Neutron Diffraction on Bromine Intercalated in Graphite[END_REF][START_REF] Sasa | Crystal Structure of Graphite Bromine Lamellar Compounds[END_REF] In stark contrast to bromine, the other pure halogens, e.g. iodine do not readily intercalate. [START_REF] Levy | Intercalated Layered Materials[END_REF] Thus, obtaining stage 1 compounds of halogen containing GICs, is not readily possible and synthetically challenging.

Polar heteroatomic halogen GICs such as iodine monochloride (ICl), although barely studied, have been known since the 1950s, and offer access to GICs at room temperature overcoming the above-mentioned difficulties. [START_REF] Croft | New Molecular Compounds of the Layer Lattice Type. I. New Molecular Compounds of Graphite[END_REF][START_REF] Rüdorff | Über Das Verhalten von Graphit Gegenüber Jodmonochlorid Und Chromylchlorid[END_REF][START_REF] Hennig | The Properties of the Interstitial Compounds of Graphite. III. The Electrical Properties of the Halogen Compounds of Graphite[END_REF][START_REF] Jadaun | Theory and Synthesis of Bilayer Graphene Intercalated with ICl and IBr for Low Power Device Applications[END_REF][START_REF] Heerschap | Electron Microscope Study of Interlamellar Compounds of Graphite with Bromine, Iodine Monochloride and Ferric Chloride[END_REF][START_REF] Eeles | The Crystal Structure of Graphite-Bromine Compounds[END_REF][START_REF] Moret | Single-Crystal X-Ray Study of Graphite-Br and Graphite-Icl Intercalation Compounds[END_REF][START_REF] Krone | Intercalate Structure in Halogen-Intercalated Graphite[END_REF][START_REF] Culik | Calorimetric Study of the Order-Disorder Transformations in Graphite-Halogens[END_REF] The stoichiometry of a stage-1 ICl GIC intercalation compound, i.e. consisting of alternating single layers of carbon and intercalant, has been suggested to be close to 10:1 in analogy with other acceptor intercalation compounds (e.g FeCl 3 ). [START_REF] Abe | Debye-Waller Factors of FeCl3-and ICl-Graphite Intercalation Compounds[END_REF][START_REF] Abe | Debye-Waller Factors of ICl-Graphite Intercalation Compounds Prepared from Natural Graphite Flakes and Graphitized Polyimide Films[END_REF] Early structural analysis by Abe et al. [START_REF] Abe | Debye-Waller Factors of ICl-Graphite Intercalation Compounds Prepared from Natural Graphite Flakes and Graphitized Polyimide Films[END_REF] reported an interlayer spacing of 7.14 Å.

Moret et al. [START_REF] Moret | Single-Crystal X-Ray Study of Graphite-Br and Graphite-Icl Intercalation Compounds[END_REF] performed detailed crystallographic analysis and suggested that the stage 1 GIC exhibits an incommensurate structure with a large unit cell, proposing up to 9 ICl molecules in the unit cell. [START_REF] Ghosh | Superlattice Ordering in Graphite-IC1 Single Crystals and Fibers[END_REF] Later extended X-Ray Absorption spectroscopy and Near Edge X-Ray absorption fine structure analysis (EXAFS) observed characteristic distances assigned to I-Cl and halogencarbon bonds. [START_REF] Krone | Intercalate Structure in Halogen-Intercalated Graphite[END_REF] More recently, Jadaun et al. [START_REF] Jadaun | Theory and Synthesis of Bilayer Graphene Intercalated with ICl and IBr for Low Power Device Applications[END_REF] used Density Functional Theory (DFT) to study a structure similar to the one reported by Tiedtke et al. [START_REF] Tiedtke | The Chemical Nature of Interhalogen Molecules in ICL and IBr-Graphite From127I-And129I-Mössbauer Spectroscopy[END_REF] However, despite this research effort, the structure of ICl-GICs is not entirely understood. Notably, the ordering and interaction of the ICl molecules inside the intercalant layer has not been described in detail. Furthermore, a detailed analysis of the electronic behavior has yet to be performed. In our manuscript, we discuss the synthesis of a stage 1 compound with a stoichiometry of 9.8 carbon atoms to 1 molecule of ICl (ICl-C 9.8 GIC) and its analysis by statistical Raman analysis, XRD analysis, and small angle Xray scattering experiments. The experimental results are corroborated by detailed ab-initio calculations, based on the analysis of various structural configurations and stoichiometries (ratio between ICl-C 8.0 to ICl-C 25.0 ). We find that ICl forms close-packed continuous chains within the intercalant layer. These chains have a "zig-zag" staggered sequence, where chlorine atoms flank iodine atoms in a quasi-linear arrangement. The calculated low frequency Raman stretch mode (185 cm -1 ) matches nicely with the observed experimental peak (190.8 ± 6.5 cm -1 , ʎ exc =532 nm), with calculated charge transfer from the carbon sheets to the intercalant. The intercalation process is highly reversible, as shown by temperature dependent SAXS measurements.

Method:

In a heat-dried and argon-purged round-bottomed Schlenk flask (50 mL), 162.3 mg (1.0 mmol) of liquid iodine monochloride (ICl) was placed. Afterwards, 120 mg (10.0 mmol) graphite was added under argon and the flask is immediately sealed by a glass cap. Right after the addition of the graphite, all of the liquid ICl is spontaneously soaked up by the graphite. Afterwards, the asproduced graphite intercalation compound (GIC) is left to equilibrate for 48h under constant pressure. Afterwards, the as-produced GIC was carefully transferred to another heat-dried and argon purged round-bottomed Schlenk flask (50 mL) and the stoichiometry was determined by weight uptake. The sample was placed under argon in a 80mm, ⌀1.5 mm Lindemann capillary and sealed by a flame torch. This capillary was used for all physical characterization. More detailed physicochemical characterisation as well as computational detail can be found in ESI.

Result and discussion

Graphite intercalation compounds (GICs) have been prepared using iodine monochloride (ICl) as intercalant. The resulting ratio has been determined by weight uptake, giving a stoichiometry of 9.8 carbon atoms to 1 molecule of ICl (Scheme 1). The reaction is directly performed by reacting liquid ICl with graphite. The complete volume of liquid ICl is absorbed by graphite within several minutes, but at least 48 hours are needed for equilibration at room temperature. It is noteworthy that the intercalation is spontaneous and no stirring, heating or sonication is required.

Scheme 1 Reaction scheme of the intercalation of ICl in graphite with a stoichiometry of 9.8 carbon atoms to 1 molecule of ICl (ICl-C9.8 GIC) at room temperature under argon atmosphere.

The sample was then sealed in Lindemann capillaries which subsequently have been used for all analysis. XRD analysis (see Figure 1) gives strong peaks at 25.64° and 52.66° which are assigned to (002) and (004) planes with an interlayer spacing I c = 6.95 Å. This observed interlayer spacing is slightly lower than 7.14 Å reported by Abe et al. [START_REF] Abe | Debye-Waller Factors of ICl-Graphite Intercalation Compounds Prepared from Natural Graphite Flakes and Graphitized Polyimide Films[END_REF] Interestingly, their data shows a (001) peak, at least an order-of-magnitude less intense than the (002) peak, not visible in our data. Temperature dependent x-ray scattering experiments confirm that only the (002) peak can be seen, which vanishes at 50 °C, and re-appears again upon cooling (Fig S1, supporting information). Furthermore, several peaks can be observed between 4.5 Å and 5.0 Å, which similarly vanish upon heating and re-appear on cooling (Fig S1 ).

In donor GICs (e.g. SrC 6 ), an AKAβ stacking sequence (A= carbon layers, K,β= intercalant layers) has been observed, [START_REF] El Hajj | Crystal Structure of First Stage Strontium-Graphite Intercalation Compound[END_REF] and the (001) peak is absent due to extinction rules. The K,β of the intercalant layer highlights the long-range ordering present in GICs, where the ordering in one intercalant layer induces structural ordering in adjacent ones. For ICl-C 9.8 GIC a similar structure with a AKAβ stacking order is proposed. Structural elucidation is challenging based solely on experimental data, thus density functional theory (DFT) calculations were performed using the AIMPRO package, [START_REF] Briddon | LDA Calculations Using a Basis of Gaussian Orbitals[END_REF][START_REF] Rayson | Rapid Iterative Method for Electronic-Structure Eigenproblems Using Localised Basis Functions[END_REF][START_REF] Rayson | Highly Efficient Method for Kohn-Sham Density Functional Calculations of 500-10000 Atom Systems[END_REF] an approach previously successfully applied to other halogenated nanocarbons. [START_REF] Sedelnikova | Bromine Polycondensation in Pristine and Fluorinated Graphitic Carbons[END_REF][START_REF] Rybkovskiy | Polyiodide Structures in Thin Single-Walled Carbon Nanotubes: A Large-Scale Density-Functional Study[END_REF] We address the choice of exchange-correlation functional and dispersion description further in supporting information, including benchmarking methods to experimentally measurable quantities (Table S1, S2, see also ESI). Different ICl structures were examined in both graphite and graphene systems, all of which show exothermic binding compared to isolated ICl. On graphene the most stable structure corresponds to a configuration of ICl perpendicular to the graphene plane, with iodine above a carbon atom (Fig. S2), similar to previous findings for Br 2 . [START_REF] Yaya | Bromination of Graphene and Graphite[END_REF] In contrast, when confined between two or more carbon layers, ICl adopts a configuration parallel to the graphene plane (Fig. S3). A concentration dependant study was carried out for ICl-graphite from stage-1 to stage-3 (Figure 2), considering a range of molecular and extended configurations. The most stable intercalant structure is an alternating Cl/I zig-zag chain-like configuration constructed from linear Cl-I-Cl units (Fig. 2b). This configuration is also favored in solid state ICl, [START_REF] Van Der Heide | The Crystal Structure of K-ICl[END_REF][START_REF] Carpenter | The Crystal Structure of β-Iodine Monochloride[END_REF] and is due to interaction of σ-holes [START_REF] Cavallo | The Halogen Bond[END_REF] between neighbouring interhalogen molecules. All other configurations tested were considerably less stable (Fig S3). The angle in the chain was found to be 109.96°, about 20° higher than in solid ICl. [START_REF] Van Der Heide | The Crystal Structure of K-ICl[END_REF][START_REF] Carpenter | The Crystal Structure of β-Iodine Monochloride[END_REF] The Iodine atom sits above the centre of a graphite hexagon, similar to Br 2 -GIC, [START_REF] Sasa | Crystal Structure of Graphite Bromine Lamellar Compounds[END_REF][START_REF] Eeles | The Crystal Structure of Graphite-Bromine Compounds[END_REF] but the long I-Cl bond forces the chlorine atoms to sit slightly off the hexagon centers. Inter-chain spacing is dictated by a superposition of the underlying graphene lattice symmetry with the maximum packing density allowed by the van der Waals radii of the halogen atoms (Fig. 2c). Bond lengths are remarkably similar for different stages. The I-Cl bond is 2.58 Å (Fig. 2b), considerably larger than in solid ICl (2.44 Å) [START_REF] Van Der Heide | The Crystal Structure of K-ICl[END_REF][START_REF] Carpenter | The Crystal Structure of β-Iodine Monochloride[END_REF] and close to early experimental EXAFS data by Krone et al.(2.54 Å). [START_REF] Krone | Intercalate Structure in Halogen-Intercalated Graphite[END_REF] Other key distances include the Cl-Cl interchain distance of 4.92 Å and the Iodine-iodine intrachain distance of 4.23 Å (Fig. 2b).The calculated graphite interlayer distance for Stage-1 of 6.95 Å matches exactly our experimental XRD value (see Figure 1). In agreement with the experiment, the calculations show an AKAβ stacking sequence to be more stable than AKAK (Fig S4). This allows chains on one layer to sit above "vacant" hexagons of the layer below, resulting in more uniform charge distribution in the carbon layers (see below). The calculated interlayer distances of 10.29 Å for Stage-2, and 13.60 Å for Stage-3, match well the experimental values reported by Abe et al. [START_REF] Abe | Debye-Waller Factors of ICl-Graphite Intercalation Compounds Prepared from Natural Graphite Flakes and Graphitized Polyimide Films[END_REF] In these cases the grouped carbon layers preferentially adopt AB and ABA stacking respectively.

Relative binding energies per atom (taking graphite and the ICl isolated molecule as reference states, Fig. 2(a)) show that Stage-1 is energetically favored over Stages-2 and 3. Corresponding absolute binding energies are -110 (-21), -61 (-12), and -44 (-9) meV/atom for Stages-1, 2, and 3, respectively, taking molecular ICl (isolated zig-zag ICl chain) as the reference state.

Statistical Raman analysis (λ exc =532, 638, 785 nm), [START_REF] Hof | Statistical Raman Spectroscopy: A Method for the Characterization of Covalently Functionalized Single-Walled Carbon Nanotubes[END_REF] based on the fitting of 1681 individual spectra with Lorenzian functions (Figure 3) has been performed. Typical Raman spectra are depicted in Figure 3a, for the three excitation wavelengths used. The large background signal between 100-600cm -1 at 785 nm excitation is arguably due to fluorescence. Several low frequency Raman peaks are observed, which vary both in peak position and intensity (see Fig. S5,S6, Tab. S4-6). Only one common low frequency peak has been observed at 190 cm -1 at 532 nm and 785 nm excitation wavelengths. The peak is not dispersive, and has an asymmetric lower frequency profile suggesting a close doublet. This correlates well with the chain model. The E 2G2 peak position in the GIC is determined from the individual fits and a histogram is constructed after frequency counting (Figure 3b). The obtained peak positions are 1612.7±1.0 cm -1 (λ exc = 532 nm), 1610.5±0.5 cm -1 (λ exc = 638 nm), and 1611.6±0.7 cm -1 (λ exc = 785 nm). The energy related to the E 2G2 peak is remarkably precise and the variation of the peak position over 10000 µm² is smaller (~1.0 cm -1 ) than in the starting graphite (2.4 cm -1 ), highlighting the homogeneity of the sample. This peak sharpening can be understood through the isolation of individual carbon layers by the ICl, removing interlayer stacking and associated local stacking variations (including dislocations and stacking fault). The peak position is not dispersive in relation to the excitation energy (Fig S7). This peak is significantly upshifted from the raw graphite value of 1582.1±2.4 cm -1 (λ exc = 532 nm), indicative of strong p-doping. The observation of a shift in Raman spectroscopy is typically explained by a change of the equilibrium lattice parameter and modification of the phonon dispersions. [START_REF] Das | Monitoring Dopants by Raman Scattering in an Electrochemically Top-Gated Graphene Transistor[END_REF][START_REF] Pietronero | Bond-Length Change as a Tool to Determine Charge Transfer and Electron-Phonon Coupling in Graphite Intercalation Compounds[END_REF] In electrochemically top-gated graphene transistors, a peak position of 1610 cm -1 is related to a Fermi level shift of about 0.65 eV.

The residue compound of the GIC was generated by evaporation of ICl from graphite inside a fume hood for 2 weeks. A statistical Raman analysis and the mean spectra for this compound are Those measurements corroborate the SAXS measurements, that show the intercalation of ICl into graphite is reversible and does not functionalize the carbon lattice.

Charge transfer has been observed for other intercalation compounds, both experimentally and theoretically. [START_REF] Conard | in Lamellar Compounds of Graphite and a Model of "in Plane Localized" Densities of States[END_REF][START_REF] Fischer | Graphite Intercalation Compounds: Electronic Properties and Their Correlation with Chemistry[END_REF] The p-doping effect caused by ICl intercalation, clearly visible in the Raman experiments, has been evaluated further in the DFT calculated electronic structure. Figure 4 shows the calculated band structures and projected density of states for AB-stacked graphite, and ICl intercalated Stages 1 to 3. In all cases the Fermi level is pinned to the bottom of the empty ICl states. The carbon zero density of states point, which for AB-stacked Graphite sits at the Fermi level, becomes increasingly upshifted, depopulating graphite bonding states and transferring charge to the ICl. This upshift is constant for Stages 2 and 3 at 0.31eV, increasing to 0.47eV for Stage-1. This is consistent with the layer contact; graphene sheets only contact ICl on a single side in Stages-2 and 3, whereas they have ICl on both sides in Stage-1. This upshift is a clear signature of carbon p-doping and in agreement with the Raman spectroscopic experiments.

The same calculated upshift (0.47eV) is also found in the case of ICl chains on the surface of graphene (Table S3). Further information can be seen in the Stage-3 PDOS, where the carbon PDOS has been broken down into two, the layers neighbouring ICl in black, and the central layer in brown. The central layer PDOS is much closer to that of the pristine AB-Graphite, indicating that coupling is local.

The same variations reflected in the calculated Raman mode which varies as 1602/1606 (1586, 1604), 1604 (1604) and 1607 (1612) cm -1 for Stage 3, 2 and 1 respectively (experimental values in brackets for comparison, Figure S11). In stage 3 compounds, a split into two peaks (~1586 cm -1 , and 1604 cm -1 ) can be experimentally observed, with an intensity ratio of about 1:2. This reflects the different types of graphene layer present in a Stage-3 GIC. The lower frequency peak is more like conventional graphite and originates from the graphene layer in the middle that is not in contact with the ICl and relatively undoped, while the higher frequency peaks are those in contact with ICl. This splitting can indeed be seen in our calculations where the central layer frequency 1602 cm -1 is lower than that of the layers touching ICl, and is close to our calculated value of 1599 cm -1 for pristine AB-graphite in the same cell. In the stage-2 all carbon layers are in contact with ICl, with an average lower concentration than in stage 1. That the internal layers in intercalation compounds are almost graphite like is also observed for donor compounds, [START_REF] Wang | Resonant Raman Scattering of Graphite Intercalation Compounds KC 8 , KC 24 , and KC 36[END_REF] in solid state C [START_REF] Csányi | The Role of the Interlayer State in the Electronic Structure of Superconducting Graphite Intercalated Compounds[END_REF] -NMR measurements of Br 2 -GIC intercalation compound, [START_REF] Conard | in Lamellar Compounds of Graphite and a Model of "in Plane Localized" Densities of States[END_REF] and is in line with the discussion of Fischer about the electronic properties of GICs in the framework of one-electron theory. [START_REF] Fischer | Graphite Intercalation Compounds: Electronic Properties and Their Correlation with Chemistry[END_REF] Turning now to the carbon-related bands in the band structures. While AB-graphite shows conventional parabolic bands at the Fermi level, Stage-1 shows linear crossing with a Dirac point as that of graphene (albeit with a Fermi level shift), while Stage-2 and Stage-3 show symmetry offset crossing points (Stage-2) and overlaid Dirac cones and parabolic bands (Stage-3) respectively. This confirms that an ICl layer fully decouples interaction between its two neighbouring carbon layers. 

Conclusion

Iodine monochloride graphite stage 1 intercalation compound has been synthesized and its electronic and vibrational properties have been studied in detail by physicochemical characterization as well as ab-initio methods. A GIC forms spontaneously at room temperature upon simple exposure of graphite to iodine monochloride. In this stage 1 compound, the observation of solely the (002), (004) patterns is compatible with a unit cell containing at least 2 layers of intercalant and 2 layers of carbon. Calculations indicate that the structure of the intercalant layer consists of close packed chains of iodine monochloride, iodine sitting above hexagon sites with chlorine occupying the exterior sites of the zigzag slightly displaced from hexagon centres. The double layer symmetry is due to offset of alternating ICl layers perpendicular to the chain direction, giving an AKAβ stacking sequence. The calculated frequency of those chains is in good agreement with experimental Raman data. Both, the observation of long-range order and the formation of chains, show a significant ordering present for this GIC. The intercalation/deintercalation process can be cycled several times, demonstrating the reversibility of the phase transfer from a quasi-crystalline solid-state structure towards a non-correlated phase. P-doing upon intercalation is observed for all investigated stages. This detailed understanding of an intercalant phase of an acceptor GICs is highly interesting for the field of structural chemistry as well as material science and might provide anchor points for further studies for solid-state batteries and energy applications amongst others.
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Figure 1 :

 1 Figure 1: XRD patterns (CuKK) of graphite intercalation compound containing ICl, stoichiometry of 9.8 carbon atoms to 1 molecule of ICl (red trace), in comparison to the starting graphite (black trace).

Figure 2 :

 2 Figure 2: a) Optimized structures for Stage-n ICl-graphite, n=1,3. Carbon, Iodine and Chlorine atoms are in grey, purple and green, respectively. The relative binding energy per atom (eV/atom) is given compared to Stage-1, b) top view of the Stage-1 intercalant layer, exhibiting a chain like configuration, with characteristic distances in Å, c) drawn with van der Waals radii of the halogen atoms.

Frequency

  calculations show a Raman active stretch mode at 180 cm -1 (symmetry A') (Fig3a)which shows weak interchain coupling, splitting into modes at 179 and 185 cm -1 for the symmetric and antisymmetric coupling of neighbouring chains.

Figure 3 :

 3 Figure 3: Statistical Raman spectroscopic analysis (λexc =532, 638, 785 nm) on the stage 1 GIC based on the analysis of 1681 spectra obtained over 10000 µm 2 . a) typical Raman spectra, inset: zoom in low frequency modes. b) histogram of the peak position of the E2G2 mode of the GIC in comparison to the E2G peak position of the starting graphite, binning scale 0.25 cm -1 .

  depicted in Fig S8. The spectroscopic features typically observed for graphite samples are present, and virtually identically to those of the starting material. The peak at 190 cm -1 indicates that traces of ICl remain, in analogy to other residue compounds e.g. Br 2 -GIC and AlCl 3 -GIC. Careful analysis of the peak positions (Fig S9) shows that the sample is successfully deintercalated, and peak position variations are identical to the starting material. The I(D)/I(G) ratio is commonly used to discuss defect density. For the residue compound it is centered at 0.088 (with a longer tail end, see Fig S10), a typical value for almost defect-free natural graphite.

Figure 4

 4 Figure 4 Electronic band structure and projected density of states (PDOS) of a) AB-stacked graphite, b) Stage 3 ICl-GIC (C24ICl), c) Stage 2 ICl-GIC (C16ICl) and d) Stage 1, ICl-GIC (C8ICl). Occupation is illustrated by the blue area and the Fermi level is set to 0 eV. Density of states to the right of each band structure is projected onto halogen atoms (orange area), neighbouring carbon layers (black curve), and intermediate carbon layer in brown for Stage-3. p-doping effect is visible in the downshift of the Fermi level of the graphite states. Vertical offset of the grey carbon layers in the schematics indicate AB and ABC-type stacking.
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