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Microporosity and structure of a set of activated carbons was studied by combination of N 2 and CO 2 adsorption, Transmission Electron Microscopy (TEM), X-ray diffraction and scattering and multiwavelength Raman spectroscopy. It is shown that correlations between measured parameteres may be established for a given set of activated carbons, most often obtained from a same precursor. Comparison of results of TEM images processing and of Small-angle scattering with adsorption data suggests that super-micropores (0.7-2 nm) are highly variable in shape and strongly deviate from the ideal slit pore model. These pores are likely located in between disordered continuous graphene stacks. It is shown that Small-angle scattering is mostly caused by supermicropores; contribution of other types of porosity is of secondary importance. For a set of carbons with similar structure, a reasonable correlation between Guinier radii and pore width obtained from N 2 adsorption can be found; however, the reason for the observed offset between the data sets remain uncertain. Sensitivity of the Raman scattering to atomic scale processes leads to poor or unclear correlations between the spectroscopic and structural data, although some notable exceptions are noted.

Introduction

The sorption capacity and efficiency of carbon adsorbents largely depend on pore size distribution and on structure of a pore-matrix interface. Analysis of vapour adsorption isotherms is a well established important method of investigation of the porous structure. The effective pore size is usually calculated in the framework of Dubinin's volume filling theory (MVFT) [START_REF] Dubinin | Physical adsorption of gases and vapors in micropores[END_REF][START_REF] Dubinin | Fundamentals of the theory of adsorption in carbon adsorbents: characteristics of their adsorption properties and microporous structures[END_REF], density functional theory (DFT) [START_REF] Ustinov | Application of Density Functional Theory to analysis of energetic heterogeneity and pore size distribution of activated carbons[END_REF], Kawazoe or BJH equations [START_REF] Gregg | Adsorption, surface area and porosity[END_REF]. Most activated carbons (ACs) are composed of cross-linked highly defective graphene sheets arranged in stacks of various sizes and thicknesses, designated as basic structural units (BSUs). Understanding of structure of the stacks and of their mutual arrangement remains a highly challenging task due to general lack of long-range ordering and necessity to investigate the system at different scales. High Resolution TEM (HRTEM) permits direct imaging of the carbon skeleton after appropriate image analysis, however, information about the pores is more elusive. A dedicated approach based on visualization of edges of graphene sheets allowed characterization of a large set of activated carbons (Pre et al., 2013). Statistical data representative of the fringe geometry (length, tortuosity and curvature radii) were extracted together with data on their spatial arrangement. Whereas this method gives unprecedented information at atomic scale, a wellknown disadvantage of HRTEM is the problem of how representative are selected images if one intends to describe the entire sample. Approaches comprising detailed TEM investigation complemented by advanced modeling (Leyssalle et al., 2012) are very promising, but at present, the number of studied materials is still rather limited due to significant efforts required for every individual sample. Structural information on the nanometer is also provided by X-ray diffraction (XRD) and Small angle scattering (SAXS); Raman spectroscopy provides some data on atomic vibrations and arrangement. The latter methods are nondestructive and rather fast compared to sorption and TEM experiments but average information from a large volume (hundredsthousands µm 3 ) and extracted structural parameters differ from those obtained from TEM. The only reliable way to investigate the sorbent structure in detail is the application of several complementary techniques to the same set of samples.

In this work we present results of investigation of a set of activated carbons (ACs) prepared from very different precursors. Several complementary analytical methods were employed to assess structure and properties of the samples: N 2 and СO 2 adsorption, X-ray Small-angle scattering (SAXS) and diffraction using conventional laboratory source and highenergy radiation, multi-wavelength Raman spectroscopy and HRTEM with image processing.

The information about structure of a set of ACs from different precursors on different scales is summarized and compared with adsorption data. The analytical methods provide information about various structural scales and are not necessarily well correlated. Raman spectroscopy gives information about structure and defects in graphene sheets and stacks at the smallest, almost atomic scale. X-ray diffraction is more sensitive to ordered material. SAXS provides information about nanometer-scale heterogeneities, giving some insights into porous structure, responsible for adsorption. Finally, TEM bridges information from several spatial levels.

MATERIALS AND METHODS

Samples

The set of the studied adsorbents includes both commercial and non-commercial activated carbons produced from different precursors (Table 1). With the exception of the adsorption methods, all samples were studied in as-received state.

Activated carbons made from furfural (FAS-type) were developed at SPA "Neorganika" (Electrostal, Russia). Extreme mechanical strength of these materials and high sorption capacity of this type of AC make them extremely important in applications requiring high mechanical and adsorption properties, e.g., biomedicine, radiochemistry etc. [START_REF] Tsivadze | Preparation of spherical activated carbon from furfural, its properties and prospective applications in medicine and the national economy[END_REF]. The general production scheme of the FAS-type ACs' is the following: 1) liquid moulding of synthetic furfural monomer at 105 ºC, 2) carbonization of spheroidal sorbent grains in inert medium at 750 ºC, 3) steam activation at 850 ºC. The samples differ by duration of the activation process lasting from 5 to 15 hours. After the activation, the spheroidal grains are washed in distilled water and dried.

The MUST samples were made at GEPEA (Nantes, France) from pine wood by steam activation at low temperatures, indicated in the sample name (e.g., etc). The other studied materials are represented by commercial activated carbons. Similar to the MUST samples, the BGX was also made from pine wood, but mixed physical and chemical activation was employed. The BPL and NC materials were produced by physical activation from bituminous coal and coconut shell, respectively. The TMC was also made from bituminous coal; after the activation it was submitted to hydrocarbon deposition treatment to reduce the micropore opening. For this reason, micropores in TMC are accessible for CO 2 , but not for N 2 at 77 K; thus the sample resembles carbon molecular sieve. The GF40 sample was made by chemical (phosphoric acid) activation of olive seeds.

Characterisation

The measurements of ultra-micropore volume were performed using CO 2 adsorption isotherms at 273 K; the calculations were performed using Dubinin-Radushkevich equation (Dubinin 1968). Supermicropores were studied using N 2 adsorption at 77 K; their volume was evaluated using α S [START_REF] Atkinson | Adsorptive properties of microporous carbons: primary and secondary micropore filling[END_REF] and NLDFT [START_REF] Jagiello | A Simple Two-Dimensional NLDFT Model of Gas Adsorption in Finite Carbon Pores. Application to Pore Structure Analysis[END_REF] methods.

High Resolution Transmission Electron Microscopy (TEM) images were acquired on a Tecnai F20 ST (FEI) operating at 200 kV and equipped with a Field Emission Gun. The samples were dispersed in ethanol by ultrasonic agitation and dropped onto a lacey carbon grid. The 002 lattice fringe mode with magnification of up to 500000×, was used to image profiles of the aromatic layers. The image processing algorithm used in this study is based on morphological modeling. Details about the HRTEM image processing method can be found in (Pre et al., 2013).

Small-and Wide Angle X-ray scattering (SWAXS) patterns were recorded using monochromatic CuKα-radiation in a broad range of scattering vectors (q=4πsinΘ/λ) spanning range from 0.1-27 nm -1 using dedicated diffractometer SAXSess (Anton Paar GmbH). A Kratky block collimation scheme was employed [START_REF] Kratky | Instrumentation. Experimental technique, slit collimation[END_REF]. Since the measurements were performed in slit geometry, desmearing was performed using SAXS Suite software (Anton Paar GmbH) employing approach developed by [START_REF] Lake | An iterative method of slit-correcting small-angle X-ray data[END_REF]. The samples were measured in standard X-ray capillaries or between two layers of special polymer film. All measurements were performed at room temperature in evacuated chamber at a residual pressure of 5-10 mbar. Due to high brightness of the setup, the total exposure of the samples to vacuum was less than 5 minutes. Eventual water losses upon air pumping and other relevant issues, which might influence the SAXS measurements, were controlled using several modes of vacuum annealing. No changes in the scattering patterns were observed [START_REF] Shiryaev | Nanoporous active carbons at ambient conditions: a comparative study using X-ray scattering and diffraction, Raman spectroscopy and N 2 adsorption[END_REF]. Prior to the data evaluation, the scattering from the holder was subtracted and the scattering patterns were normalized to X-ray absorption of the sample.

Further details of the data analysis are given in the corresponding part of the manuscript. X-ray diffraction patterns were recorded using Empyrean (Panalytical BV) diffractometer in Bragg-Brentano geometry using Ni-filtered CuKα-radiation in the angular range 10-120º (2Θ). No binder was employed to exclude eventual influence on sorbent structure (Vartapetyan and Khozina, 2006). All reported patterns were acquired for the samples dried directly on the X-ray holder in hot air for several hours, see below for detail.

High energy XRD measurements were made on several representative samples sealed in 1.5 mm glass capillaries at P02 beamline at PETRA III synchrotron source. Data treatment was performed using homemade software performing correction for incoherent and multiple scattering contributions, polarization, absorption, etc.

Raman spectra were acquired with Bruker Senterra microspectrometer in a quasibackscattering geometry in air at room temperature using 532 and 785 nm lasers. Low laser power was employed and absence of the sample alteration by the beam was checked both visually and by controlling lack of changes in spectral features between repeated scans.

Several scans were averaged to improve signal to noise ratio; in addition, at least two spots were analysed for every sample to assure consistency. Spectral decomposition to individual components is described in the corresponding part of the paper.

RESULTS AND DISCUSSION

Adsorption

For convenience, the studied samples are ranked according to the relative fraction of the supermicropores (0.7-2 nm) inferred from the CO 2 and N 2 adsorption data (Fig. 1).

Volume of the supermicropores was estimated using both the α S [START_REF] Atkinson | Adsorptive properties of microporous carbons: primary and secondary micropore filling[END_REF] and NLDFT [START_REF] Jagiello | A Simple Two-Dimensional NLDFT Model of Gas Adsorption in Finite Carbon Pores. Application to Pore Structure Analysis[END_REF] methods. Despite significant scatter in the pore shapes, both methods give consistent results (Fig. 1). The supermicropores can be formed by discontinuities between stacked graphene sheets (for instance, caused by defects such as dislocations), and are located between or at the edges of the ordered structural units. As shown in (Pre et al., 2013), the slit shape pore model approximates reasonably well the actual morphology of the ultramicropores, which are formed by interstices between non-smooth (corrugated) graphene walls. The micropore size distribution was estimated using the HK model. Presumably, the largest pores should be located in the voids created by the random arrangement of the continuous domains. These results are discussed together with the TEM data in the following sections of the paper.

Nanostructural disorder and pore size distributions as inferred from Transmission Electron Microscopy

Typical TEM images and the processing results for representative samples are shown in Figs. 2 and3. The employed method of TEM image processing (Pre et al., 2013) provides quantitative description of the spatial arrangement of the defective graphene fragments comprising the carbon skeleton and enables to extract different properties of various types of the graphene ensembles. The following parameters were measured for the corresponding cases:

1)

For each stack in the ensembles comprising several fringes: length L , tortuosity , and the local curvature radii .

2)

For the ensembles composed of nearly parallel fringe fragments, i.e. stacks or Bulk Structural Units (BSU): length L // and the surface density % // they cover over the whole set of fringes.

3)

For the ensembles composed of the "continuous domains" defined as interconnected multi-layer stacks with a common orientation: the length of the fringes included in the The degree of disorder of the AC nanostructure could be quantified based on the size and the surface density of the continuous domains. According to the TEM images analysis, the studied samples fall into two main groups: with high and moderate/low degrees of the disorder. These two groups are characterised by marked variations of sizes of the graphitic domains (Fig. 3) and differ in distribution of the fringe lengths (Fig. 2d), mean curvature radius and surface area of BSUs. However, parameters such as tortuosity, %BSU, d P , do not follow this simple classification. Namely, the samples SC, TMC and BGX form a special subgroup with markedly higher values of these parameters. The BGX and MUST carbons were both fabricated from a pine wood precursor, but BGX was submitted to mixed physical and chemical activation, whilst MUST underwent only low degree of physical activation.

These materials present structural similarities: high surface densities of the stacks and continuous domains, resulting in large ordered assemblages. The values of the mean tortuosity and local curvature radius indicate a high fraction of nearly straight fringes, and, consequently, smaller amounts of point defects than in BPL, NC100 and FAS-type ACs. All these materials differ by their microporosity (Figs. 1,2d). For the fufural-derived FAS samples, and BPL, NC-100 and GF40 ACs the fringe length in continuous domains is rather small (~0.5-0.6 nm), but total volume of ultra-and supermicropores varies in broad range.

The other samples show smaller volume (V ultra +V super ) and noticeably longer fringes, implying more ordered structure (Fig. 2d) The MUST specimen is mainly ultramicroporous and the pore size distribution evaluated from the adsorption data matches well the effective spaces measured in the "all fringes" ensemble. In contrast, the BGX material contains a large fraction of supermicropores and in this case, the adsorption data correlate with the effective spaces measured in the domain ensemble (Fig. 4). The later situation corresponds to location of the supermicropores pores mainly between the stacked assemblages.

Figure 4 show distributions of the effective spaces extracted from the TEM images in the ensembles and the micropore size distributions derived from the HK model. The effective spaces w separating different structural entities are measured for each ensemble. For the entire range of the measured spaces -from 0 up to the maximum or restricted to the micropore size accessible to N 2 adsorbate [0,35-2 nm]the mean values and distribution curves can be computed. Comparison with the micropore size distribution (PDF) calculated from the adsorption data is performed using effective spaces in the [0,35-2 nm] range. The pore size distribution was also evaluated using NLDFT approach. The best correspondence with results obtained by TEM and the calculations using the HK-model was achieved assuming mixed slit/cylinder shape of the pores (Fig. 4). This model is reasonable for polymer-derived ACs if the cylindrical shape is ascribed to the transport pores.

X-ray diffraction

Activated carbons may adsorb significant amounts of moisture from atmosphere. All adsorption properties are commonly exploited after vacuum annealing of the samples for different periods and similar procedures are often recommended to apply for characterization of ACs' structure. Indeed, X-ray diffraction patterns of wet and dry samples of activated carbon may differ dramatically [START_REF] Shiryaev | Nanoporous active carbons at ambient conditions: a comparative study using X-ray scattering and diffraction, Raman spectroscopy and N 2 adsorption[END_REF]. The sign and magnitude of the effect depend on the nature of electrostatic interaction of the adsorbate molecules with the graphitic crystallites: in some cases, the molecules between adjacent graphene stacks pull them together, leading to increased ordering, whereas in other cases (different surface chemistry of the AC and/or solvent) the solvent molecules penetrate into the stacks and thus decrease the crystallographic perfection.

Whereas it might seem that all structural characterizations should be performed on vacuum-annealed samples only, such approach also suffers from serious and poorly controlled complications. First, after the annealing the samples are usually analysed using X-rays and/or spectroscopic methods in air. Kinetics of the moisture adsorption, however, is almost never reported, although for materials with high specific surface it can be rather rapid (several minutes) as demonstrated by Infra-red absorption and photoluminescence study of nanodiamond powder heated to various temperatures and cooled in air (Khomich et al., 2017).

Moreover, the kinetics may vary widely for the ACs with different pore size distributions.

Even high vacuum environment of a TEM column does not assure complete loss of the adsorbed moisture. For example, annealing of loose nanodiamond powder at 400 ºC in vacuum for few hours does not eliminate surface OH-groups completely [START_REF] Maturilli | Thermodynamic Behaviors of Adsorbed Methane Storage Systems Based on Nanoporous Carbon Adsorbents Prepared from Coconut Shells[END_REF]. In addition, details of the porous structure and surface properties may be influenced by the temperature regime of the annealing. It is therefore extremely difficult to establish a robust procedure of the samples preparation, universally suitable for all ACs. In view of these complications, all X-ray and Raman measurements reported in this contribution were obtained on AC samples shelf-stored at identical conditions for comparable periods of time (at least 12 months), assuring attainment of "equilibrium" degree of moisture saturation, which, of course, is sample-dependent due to variations in pore sizes. For many samples, the measurements were repeated with intervals of several months and the diffraction patterns remained identical, thus validating consistency of the approach. Negligible effect of degassing on the structural features of carbon skeleton of several types of activated carbons was also noted in (Dmowski et al., 2011).

The X-ray diffraction patterns of all samples (Fig. 5a) are qualitatively similar and can be described by a model of crystallites of disordered graphitic carbon embedded into an amorphous carbon matrix. The sample-dependent variations in the 002 peak position, breadth and intensity are caused by distribution of sizes and crystallographic perfection of the graphene stacks. We have not attempted determination of the size of very small graphitic crystallites from X-ray diffraction due to ambiguity of the task: the result depends on the crystallite morphology and on several other parameters [START_REF] Rutman | Radial distribution functions of atoms and interference functions of partly ordered carbon materials. I. Influence of edge atoms of disperse layers[END_REF][START_REF] Fujimoto | Theoretical X-ray scattering intensity of carbons with turbostratic stacking and AB stacking structures[END_REF]. Analytical models describing Wide-angle X-ray scattering curves exist (e.g., [START_REF] Ruland | X-ray scattering of non-graphitic carbons: an improved method of evaluation[END_REF][START_REF] Puech | New insight on carbonisation and graphitisation mechanisms as obtained from a bottom-up analytical approach of X-ray diffraction patterns[END_REF], but they imply certain assumptions about the ordering of graphene sheets. Since the samples studied in our work were obtained from very different precursors, application of a single common model is barely justified. In addition, the proper modeling requires use of monochromatic incident radiation, whereas in our case only moderate monochromatisation by using K β -filter was employed. This approach leads to certain broadening of the experimental profile due to contribution of K α1 and K α2 components (e.g., [START_REF] Puech | New insight on carbonisation and graphitisation mechanisms as obtained from a bottom-up analytical approach of X-ray diffraction patterns[END_REF].

XRD patterns are shown in Fig. 5. In Fig. 5a the samples are ordered from bottom to top according to volume of supermicropores, compare with Fig. 1. A general trend of decreasing of the 002 peak relative intensity with increase of the porosity might be inferred, but the dependence is not uniform across the whole set of the ACs and strong variations are immediately observable and are explained by the precursor (see also Men'shikov et al., 2021).

For example, the patterns of coal-derived BPL and BGX samples are very different despite similar values of V supermicorpores . At the same time, for the FAS-type samples the intensity of the 002 reflection follows the porosity trend: the samples with the highest porositythe polymer-derived FAS3 and FAS4possess very weak 002 reflection corresponding to a very small thickness of the ordered graphene stacks. Further support of very small thickness comes from symmetric profile of the peak at ~43° (an overlapping 10(0) and 101 reflections) (e.g., [START_REF] Puech | New insight on carbonisation and graphitisation mechanisms as obtained from a bottom-up analytical approach of X-ray diffraction patterns[END_REF]. This observation is in line with TEM data, showing very small sizes of the ordered domains in those samples.

Despite consistent decrease of the 002 peak relative intensity, the 101 reflection corresponding to in-plane direction in the stacks does not follow same trend. This behavior can be explained by the development of the porosity in between the graphene sheets with a smaller amount of in-plane effects. The intensity ratio I(002)/I(10+101) as well as ratios of other reflections do not show clear correlation with other properties. The samples studied do not possess a clear 10 peak. Albeit the samples with the low surface area possess low intensity of the 002 reflection and small sizes of the crystallites as seen on 2D projections (TEM images), the correlation of the XRD data with the TEM results is less straightforward. The absence of a good quantitative correlation between these methods is explained by certain bias of the XRD towards larger crystallites giving rise to (broad) peaks, whereas the amorphous component, readily imaged in TEM, mostly contributes to the X-ray background.

Several samples with contrasting adsorption properties were studied using Highenergy X-ray diffraction (Fig. 5c,d). Differences between the samples are subtle but for the samples with the highest porosity (e.g., FAS-type) the peak at 1.4 Å -1 corresponding to neighboring C-atoms in a hexagon is broadened. The broadening may be interpreted in terms of defective rings (such as 5-and 7-member) or in terms of strained graphene sheets. The presence of carbon penta-or heptagons induces curvature of the sheetConsequently, separation of the pure strain contribution from that of defective hexagons is barely possible for a highly disordered material. Note, however, that in many cases such defected rings are adjacent; in such configurations the deviations from planarity are very small [START_REF] Leyssale | A large-scale molecular dynamics study of the divacancy defect in graphene[END_REF]. Investigations using aberration-corrected HRTEM indeed showed presence of such rings in non-graphitising carbons [START_REF] Guo | Topological Defects: Origin of Nanopores and Enhanced Adsorption Performance in Nanoporous Carbon[END_REF][START_REF] Allen | Aberration-corrected transmission electron microscopy of a non-graphitizing carbon[END_REF]. The pair distribution function becomes strongly sample-dependent at distances >11 Å with considerable differences from high-quality graphite. This behavior reflects strong disorder along the c-axis of graphitic carbon (e.g., [START_REF] Dmowski | Local Atomic Density of Microporous Carbons[END_REF]. Oscillations of the RDF functions for the GF40 and BGX samples are less intense, indicating presence of a noticeable fraction of atoms heavier than carbon. Indeed, these samples contain appreciable amount of oxygen and nitrogen as shown by preliminary chemical analysis.

SAXS patterns

Data analysis

In discussion of the experimental SAXS patterns, we employ several parameters, see scheme in Fig 6a . The "slope" corresponds to power law dependence of the scattering by the pores, Guinier radius -R G , which reflects the size (cross-section) of the pores and I plateau -the intensity of the plateau on the curve. The later parameter (I plateau ) is proportional to the relative fraction of defects, responsible for corresponding part of the SAXS curve, in this case to the fraction of the supermicropores. The slope and the I plateau may depend on the amount of adsorbed moisture and of other volatiles filling the pores, but experiments performed on several samples at temperatures between 25 and 100 °C in vacuum show lack of noticeable changes.

Our approach in interpretation of the SAXS curves from porous carbons is somewhat non-traditional, albeit less ambiguous (see [START_REF] Shiryaev | Nanoporous active carbons at ambient conditions: a comparative study using X-ray scattering and diffraction, Raman spectroscopy and N 2 adsorption[END_REF]. It is often assumed that the pore walls can be approximated by atomically flat surfaces with sharp change in the electronic density contrast. The scattering from an object with well-defined boundary should obey the Porod law with Log(I) ~ q -4 . Since SAXS patterns of porous carbons often deviate from this dependence, the deviation is forcibly removed by subtraction of a suitable background intensity, leading to the q -4 behaviour. Subsequently, the volume of the pores is calculated.

The differences between the SAXS and adsorption data are then ascribed to a closed porosity.

The assumption of the perfectly flat pore walls is largely inherited from a paper reporting investigation of carbonaceous fibers [START_REF] Fourdeux | La structure des fibres de carbone[END_REF]. In those materials, indeed, the walls could be "atomically flat" as was shown by TEM imaging. The same assumption also appears to be correct for a number of other systems, for instance, for silica-based porous materials (e.g., [START_REF] Ruland | X-ray scattering of non-graphitic carbons: an improved method of evaluation[END_REF]. However, in many cases, the flat wall approximation is an oversimplification (see Pre et al., 2013;this work) and the "forced" background subtraction is then unphysical. The deviations from the Porod law can be explained by the existence of electron density gradients and fluctuations [START_REF] Ruland | Small-angle scattering of two-phase systems: determination and significance of systematic deviations from Porod's law[END_REF]. The scattering curves from a system of pores with rough walls were calculated by direct modeling [START_REF] Shiryaev | Nanoporous active carbons at ambient conditions: a comparative study using X-ray scattering and diffraction, Raman spectroscopy and N 2 adsorption[END_REF]. Therefore, we believe that an analysis of the SAXS curves from ACs should consider the "slope" parameter as a proxy of the electron density gradient, fluctuations or roughness of the pore wall.

SAXS results

SAXS patterns of the studied samples comprise two main regions corresponding to the scattering by macroscopic heterogeneities and by the pores (Fig. 6a). The major fraction of the total scattering intensity is due to the large heterogeneities with sizes exceeding the resolution of the employed setup (~65 nm). The Guinier plot (log(I)-q 2 ) for the low q region is either not linear, or the linearity range is short, indicating that the large scatterers do not represent a monodisperse system. These heterogeneities could be tentatively assigned to graphitic crystallites or to macropores; their role in the sorption processes is minor. The scattering from these heterogeneities dominates at scales above 9-10 nm.

Three main groups of the samples, differing in degree of contribution of the pores into the scattering curve, can be distinguished. Fig. 6a shows typical curves for every group: the FAS4 represents a clear hierarchical system with strong contribution of the pores (this group includes TMC, FAS2, FAS3, FAS4, BPL, NC100); the samples FAS1 and MUST also show well-developed porosity, but the "plateau" is less pronounced reflecting relatively broad size distribution of pores; finally, the MUST900 sample shows only a weakly pronounced poresrelated shoulder. The BGX sample possibly contains two populations of the heterogeneities.

The I plateau is anticorrelated with the ultramicroporosity fraction extracted from the adsorption data for most samples except the purely ultramicroporous TMC sample and for some highly activated furfural-derived ACs (Fig. 6b,c). The intensity of small-angle scattering is proportional to the product of the volume (V) and the electron density contrast (Δρ) 2 of the scatterers and matrix. The observed negative correlation suggests that the ultramicropores are much weaker scatterers than the supermicropores (see also [START_REF] Shiryaev | Nanoporous active carbons at ambient conditions: a comparative study using X-ray scattering and diffraction, Raman spectroscopy and N 2 adsorption[END_REF].

Considering only the values of the SAXS curves "slope", one may conclude that the TMC sample contains slit-like pores with sharp interfaces, since the "slope" is equal to an ideal value of -2 for disk-like objects (Fig. 6b). All other ACs show some gradient of electronic density. The spatial extension of the gradient is the largest for the BGX sample (the "slope" is -3.2), although this explanation is not unique.

Guinier radii (R G ) of the pores were calculated both in assumption of isometric (spherical) and slit-like pores. A linear correlation between the R G and the mean micropore size is observed for the materials exhibiting similar fringe geometries in TEM images. Earlier [START_REF] Shiryaev | Nanoporous active carbons at ambient conditions: a comparative study using X-ray scattering and diffraction, Raman spectroscopy and N 2 adsorption[END_REF]Men'shchikov et al., 2020Men'shchikov et al., , 2021)), we have shown that for the given set of ACs possessing similar structure, the R G values correlate linearly with the pore widths extracted from N 2 adsorption data, but with an offset, see Fig. 6e,f. The offset is most likely caused by markedly different assumptions on pore-matrix interface structure employed in the calculation of these parameters, but exact reasons remain to be understood.

Somewhat unexpected and perhaps partly coincidental, a negative correlation is observed between the BSU% and R G , i.e. between relative surface of the ordered graphene stacks observed in TEM and size of the pores evaluated from SAXS (Fig. 6g). Namely, for most samples except TMC, SC, and BGX, the BSU% decreases with increasing R G . As discussed above, the TEM images indicate that the three "irregular" samples are characterized by the presence of large ordered assemblages and the pores are mainly located between them.

Consequently, the R G mainly reflects distance between the ordered, but still quasi-parallel graphene stacks, and thus may not be directly correlated with the BSU%. The negative correlation between the pore sizes and the ordering of the material observed for other samples likely reflects sensitivity of SAXS to specific types of the pores; here, we recall that SAXS is mainly sensitive to the supermicropores.

Raman scattering

First order Raman spectra of sp 2 carbons consists of two main peaks -D and G [START_REF] Ferrari | Resonant Raman spectroscopy of disordered, amorphous, and diamond-like carbon[END_REF][START_REF] Merlen | A Guide to and Review of the Use of Multiwavelength Raman Spectroscopy for Characterizing Defective Aromatic Carbon Solids: from Graphene to Amorphous Carbons[END_REF] (Fig. 7a). However, several additional components are obvious in many cases and albeit their assignment is subject of long-standing debates, their inclusion into consideration significantly improves the fit of experimental spectra (e.g., [START_REF] Shiryaev | Nanoporous active carbons at ambient conditions: a comparative study using X-ray scattering and diffraction, Raman spectroscopy and N 2 adsorption[END_REF]Merlen et al., 2017 and refs. therein), see Fig. 7a. A rather detailed computational study [START_REF] Smith | Structural analysis of char by Raman spectroscopy: Improving band assignments through computational calculations from first principles[END_REF] assigns these spectral bands to specific defects in graphenes and their stacks. In our work, we have employed two independent approaches for decomposition of the first order Raman bands. The first one assumes a pseudo-Voigt shape of the peaks. Whereas it allows very good fitting of experimental spectra, it requires calculation of a Lorentzian/Gaussian ratio for every peak, thus considerably increasing number of free fitting parameters. The second approach fixes a Lorentzian for the G-peak and Gaussian shapes for the D-band, the "amorphous" or the A-peak, and the transpolyacetylenes (TPA) band (Fig. 7a). Both approaches for the decomposition gave similar results; below, we discuss values obtained using the second approach.

Figures 7b,c displays spectroscopic parameters of both G and A bands. For the G-peak an inverse (quasi)linear correlation is observed between the position of the G-peak maximum (σ G ) and its FWHM (Full Width and Half-Maximum) for the studied samples. For comparison, trends established for hydrogenated amorphous (a-C:H), tetrahedral hydrogenated and non-hydrogenated (ta-C:H and ta-C, respectively) amorphous carbons are also shown. In this coordinates the samples with less ordered structure display the lowest σ G values; more ordered samples possess higher σ G . The linear trends for the three types of activated carbons mentioned above tend to agglomerate around a point at Γ G ≈ 50 cm -1 and σ G ≈ 1610 cm -1 . The behavior of the G and A bands for the studied samples differ notably.

The points for the G band are situated at the top of the trend for the a-C:H, representing a subset with narrow G-peaks; the G-peak positions correspond to a nanocrystalline graphite.

The samples BGX and GF40 possibly share features typical for both a-C:H and ta-C:H carbons. It appears that the G-peak in our samples is dominated by relatively ordered graphitic crystallites, whereas less-ordered material is responsible for the broad Gaussian A-peak.

Interestingly, examination of G peak FWHM values obtained from the spectra measured at different excitation energies indicate that the samples can be split into several groups (Fig. 7c): whereas the majority follows expected 1:1 trend, the coal-and furfural-derived materials form individual distinct sets.

Since the I D /I G is a (indirect) measure of defects' density and size of the continuous graphitic domains, a broad negative correlation between the intensity ratio surface of Bulk structural units as measured in TEM images is not surprising (Fig. 7e). Interestingly, the G peak systematically narrows with increasing density of the carbon skeleton (Fig. 7f).

Examination of the position and FWHM of the A-peak allows splitting the samples into two main groups. The first one comprises the majority of the studied ACs and is characterized by a somewhat larger FWHM (120-190 cm -1 ) and A-peak positions between 1540-1560 cm -1 . The second group includes highly activated furfural-derived samples for which relatively small FWHM (70-110 cm -1 ) and A-peak positions between 1510-1530 cm -1 are observed. The sample BPL falls approximately in between these groups and the sample BGX is characterized by an unusually large FWHM, but belongs to the same quasi-linear trend on the FWHM-position line for the A-peak, i.e. to the first group. At close examination of the G-peak behavior, the samples from the second group also form a distinct set with slightly lower G-peak positions (~1590 cm -1 ) and larger FWHM. It is not yet entirely clear why the particular set of the furfural-derived ACs form the separate group, but according to TEM and XRD these samples are very disordered with a small amount of ordered graphene stacks. These samples also possess high porosity and HEXRD suggests presence of defective carbon rings.

Comparison of Raman data with structural parameters extracted from TEM image processing is shown in Figs. 7e and8. Figure 8a reveals that materials with markedly different values of fringe tortuosity form separate groups also when spectral parameters (D, G peaks positions and FWHM, intensity ratio) are considered. Although the trends are not systematic (with possible exception of the D peak position and the tortuosity for most of the samples), the grouping is rather obvious. The furfural-derived materials again form a separate group and the coal-derived BPL falls in between the FAS samples and the rest of the set.

Since the position of defects-related Raman peaks may shift with excitation wavelength, let us define the dispersion of the G band as: [σ G (λ 1 ) -σ G (λ 2 )]/[λ 1 -λ 2 ], where λ 1 = 785 nm and λ 2 = 532 nm. Figure 8b displays the evolution of the D band position (σ D ) recorded at 532 nm (upper part), and the dispersion of the G band (bottom part) as a function of length of the continuous graphene stacks, L d , obtained from TEM image analysis. We recall here that the D-peak is related to the breathing modes of the aromatic rings. For a perfect graphite, σ D measured using 532 nm excitation should be equal to 1340 cm -1 . Such values are observed for the ACs with L d >0.8 nm. For the L d less than 0.55 nm, the σ D can reach higher values (1345 to 1355 cm -1 ) implying influence of compressive stress on the breathing modes of the aromatic rings [START_REF] Gouadec | Raman spectroscopy of nanomaterials: How spectra relate to disorder, particle size and mechanical properties[END_REF]. For the L d close to 0.6 nm, the σ D can be as low as 1330 cm -1 , indicating influence of tensile stress. The qualitative change occurs for the L d values between 0.5 and 0.6 nm, which roughly corresponds to a transition between two to three aromatic rings in size (Fig. 8b). The highest compressive stress is found for the GF40 sample, made by chemical activation of olive seeds. This sample is also characterized by significant negative dispersion of the D peak position.

One can see that the furfural-derived samples forming a separate group on σ D -FWHM plot for the A-peak, also form a distinct cloud of points on both panels of the Figure 8. These samples are characterized by the small fringe length, the D-peak is downshifted and is positively dispersed; the tensile stress is the most pronounced. A logical explanation of the peculiar behavior of these samples in the studied collection is that their precursor is a non-graphitising carbon, thus the carbonization and subsequent activation lead to formation of highly irregular pores. The SAXS data suggest presence of a large gradient of electronic density in the pores in these materials, which may be interpreted as a complex interface of the pore void and wall and thus existence of significant fraction of highly disordered sp 2 -C. This explanation does not necessarily contradict the hypothesis about the influence of compressive stress on the D-peak behavior; it rather indicates several factors can affect vibrational spectra of aromatic rings.

Another dense group on the Figure 8b is formed by pine-wood-derived MUST samples. These carbons were activated at various temperatures (750 and 850 °C) for different times. Nevertheless, from the point of view of Raman spectroscopy they form a rather compact group. For three of these samples, SAXS results suggest that the pores are decently approximated by slit-like morphology. In the sample with the smallest degree of activation the pores are closer to rod-like shape. TEM indicates large fraction of the BSU's and/or continuous domains and the gas adsorption suggests domination of the supermicropores.

Presumably, the pores in these samples are located in between (quasi)parallel graphene stacks.

Raman data together with TEM and adsorption measurements point to an interesting correlation: the ACs with higher influence of the stretching (the furfural-derived FAS samples) are characterized by larger specific surface measured by N 2 adsorption. The A and TPA bands are the weakest in these materials. In addition, these samples are characterised by the largest total volume of ultra-and supermicropores and the smallest length of continuous domains (see Fig. 2d). Furthermore, the pores' surface as measured by BET method systematically increases with decrease of the IA/I G ratio (Fig. 9). This behavior suggests that the A peak probes an amorphous phase; removal of this phase makes ultra-and supermicropores accessible to probing gases.

Conclusions

Structure and adsorption properties of activated carbons produced from markedly different precursors (coconut shell, pine wood, coals, furfural) are studied by complementary methods allowing access to various structural scales. The principal aim is to relate porosity with the structural peculiarities of the studied materials. Whereas it is impossible to propose a single set of parameters showing general correlation for all samples, for a given set of activated carbons, most often obtained from a same precursor, common trends could be derived.

Processing of Transmission Electron Microscopy (TEM) images allows to classify the studied samples according to size and surface density of the «continuous domains», thus highlighting the degree of disorder of the activated carbons at nanoscale. The distribution of fringe lengths and the mean curvature radius of the graphene sheets also differ for the samples from the different groups.

Comparison of the TEM and Small-Angle X-ray scattering data with the micropore size data derived from gas adsorption isotherms suggest that the shape of the supermicropores (0.7-2 nm) strongly deviates from the ideal slit pore model. Presumably, this implies that these large pores are related to a random arrangement of the continuous domains and resulting mismatch voids. The shape of these pores may be thus highly variable.

X-ray diffraction patterns of the samples correspond to a model of disordered graphitic carbon crystallites embedded into an amorphous carbon matrix. The sample-dependent variations in the graphite 002 diffraction peak are caused by scatter in sizes and crystallographic perfection of the graphene stacks. A general trend of decreasing relative intensity of the 002 peak with increased porosity of a specimen is observed. The low intensity of this reflection in the highly porous samples corresponds to markedly decreased thickness of the ordered graphene stacks. This observation is in line with TEM images, showing very small sizes of the ordered domains in those samples.

Analysis of the Small-angle X-ray scattering patterns suggests that the ultramicropores are much weaker scatterers than supermicropores. For a given set of activated carbons possessing similar structure, the Guinier radii (R G ) linearly correlate with the pore widths extracted from the N 2 adsorption data, but with an offset. The offset is tentatively explained by differences in assumptions on pore-matrix interface structure employed in the calculations of these parameters, but exact reasons remain to be understood. Comparison with TEM image analysis suggests that for the supermicropores the R G mainly reflects the distance between the ordered, quasi-parallel graphene stacks.

The Raman scattering data are not well correlated with results of other employed methods, most likely due to sensitivity of the Raman signal to atomic-scale level. However, combination of the spectroscopic data with TEM and adsorption may suggest that the activated carbons with higher influence of stretching of the graphene sheets are characterized by larger specific surface as measured by N 2 adsorption. The A peak observed in Raman spectra corresponds to an amorphous phase, which clogs ultra-and supermicropores.
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Fig 1 .

 1 Fig 1. Results of adsorption measurements: volumes of micropores and of supermicropores as given by αS and NLDFT approaches. The furfural-derived FAS-type samples are marked by black squares, all other samples are shown as red disks.

Fig. 2 .Fig. 3 .Fig. 4 .

 234 Fig. 2. Raw and processed Transmission Electron Microscopy images of active carbons with different degrees of the structural perfection (for the processing algorithm see Pre et al., 2013). A -Raw image of the FAS1, Bprocessed image of a highly disordered AC (BPL), C processed image of an ordered AC (SC). Color legend for B, C: red -continuous domains formed by multiple stacked fringes, blue -single fringes; green -pairs of parallel fringe fragments; yellow -carbon free spaces. D -Total volume of ultra-and supermicropores as a function of fringe length in continuous domains. The furfural-derived samples (FAS) are marked as black squares, all other materials are shown as red circles. The dashed curve is just to guide an eye.

Fig. 5 .

 5 Fig. 5. X-ray diffraction patterns. A, Bconventional powder diffraction; the order of the curves corresponds to volume of supermicropores in the samples (see Fig. 1). In A the curves are normalised and displaced vertically for clarity. In Bzoomed region comprising the most prominent 002 and overlapping 10(0) + 101 reflections ; note a break of the horizontal axis. C, D -High energy XRD, overall view (C) and a zoomed region (D). Inset in D shows scheme of a carbon hexagon with the principal interatomic distances.

Fig. 6 .

 6 Fig. 6. Small-angle X-ray scattering. Ageneral view of the scattering curves for three representative samples and notations of analysed parameters. B-Fscatter plots of the parameters derived from the SAXS curves and from the adsorption data. Gcorrespondance of the gyration radius (or Guinier) and BSU fraction obtained from the TEM images processing. The furfural-derived FAS-type samples are marked by black squares, all other samples are shown as red circles.

Fig. 7 .

 7 Fig. 7. Raman spectroscopy. A -An example of decomposition of the one-phonon region with notations used in the data treatment. Bpositions and FWHM values of the G (left and bottom axes) and A (right and top axes) peaks of the studied samples as recorded at different excitation wavelengths. Small dots show values for the G-peak from: Ferrari and Robertson, (2001), Pardanaud et al., (2011, 2014), Quirico et al., (2014). C -Correlation between FWHM values of the G peak as measured at different excitation wavelengths; the dashed line shows 1:1 ratio. D -Relationship of total area (A + TPA-related peaks) and FWHM of the A peak. The dashed line is to guide an eye. E -Intensity ratio of the D to G peaks as a function of surface of bulk structural units observed in TEM images. Fcorrelation between width of the G peak and density as measured by He picnometry. The furfural-derived FAS-type samples are marked by black squares, all other samples are shown as red circles.

Fig. 8 .Fig. 9 .

 89 Fig. 8. Correlations between parameters of the Raman peaks and of structural characteristics derived from TEM image processing. The furfural-derived FAS-type samples are marked by black squares, all other samples are shown as red circles. Dashed vertical line and arrow are to guide an eye.

Table 1 .

 1 Studied activated carbons

	Sample	Precursor	Activation mode
	BGX	Pine wood	Chemical, H 3 PO 4
	BPL	Bituminous coal	Physical, steam
	GF40	Olive stones	Chemical, H 3 PO 4
	FAS (4 samples)	Furfural	Physical, steam
	MUST (4 samples)	Pine	Physical, steam
	NC-100	Coconut shell	Physical -steam
	TMC	Bituminous coal	Physical, steam; hydrocarbon treatment
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