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Abstract

:

Carbonaceous nanomaterials have become important materials with widespread applications in battery systems and supercapacitors. The application of these materials requires precise knowledge of their nanostructure. In particular, the porosity of the materials together with the shape of the pores and the total internal surface must be known accurately. Small-angle X-ray scattering (SAXS) and small-angle neutron scattering (SANS) present the methods of choice for this purpose. Here we review our recent investigations using SAXS and SANS. We first describe the theoretical basis of the analysis of carbonaceous material by small-angle scattering. The evaluation of the small-angle data relies on the powerful concept of the chord length distribution (CLD) which we explain in detail. As an example of such an evaluation, we use recent analysis by SAXS of carbide-derived carbons. Moreover, we present our SAXS analysis on commercially produced activated carbons (ACN, RP-20) and provide a comparison with small-angle neutron scattering data. This comparison demonstrates the wealth of additional information that would not be obtained by the application of either method alone. SANS allows us to change the contrast, and we summarize the main results using different contrast matching agents. The pores of the carbon nanomaterials can be filled gradually by deuterated p-xylene, which leads to a precise analysis of the pore size distribution. The X-ray scattering length density of carbon can be matched by the scattering length density of sulfur, which allows us to see the gradual filling of the nanopores by sulfur in a melt-impregnation procedure. This process is important for the application of carbonaceous materials as cathodes in lithium/sulfur batteries. All studies summarized in this review underscore the great power and precision with which carbon nanomaterials can be analyzed by SAXS and SANS.
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1. Introduction


Electrodes of supercapacitors [1,2,3,4,5,6,7,8,9] and batteries [10,11,12,13,14,15,16,17] are often made of partially ordered carbon powders. For instance, carbide-derived carbons (CDC) are central for the design of supercapacitors [3,6,18,19,20,21,22] because the pore size and specific surface area can be adjusted by proper choice of the chlorination temperature [6,23,24,25,26]. The performance of the supercapacitors is predominantly determined by the properties of the carbon [27,28,29] and structural features, e.g., the specific surface area, pore size, or pore size distribution have been discussed as determining parameters [2,6,22,30,31,32,33]. Most studies of carbon materials used for energy applications have relied on differential pore size distributions obtained from gas sorption isotherms [6,23,24,32,34,35,36,37,38]. Sorption isotherms can give precise information on pores with a size larger than 1 nm, but lead to much too large specific surface areas for ultra-microporous systems [39,40,41,42].



Small angle X-ray scattering (SAXS) [43,44,45,46,47,48,49,50,51,52,53,54,55,56] and small-angle neutron scattering (SANS) [23,43,57,58] are the methods of choice for the characterization of nanostructured carbons. In particular, SAXS has been applied to carbon materials since the 1940s and 1950s [59,60,61]. Ruland and Smarsly and coworkers [62], and more recently Smarsly and coworkers [63,64,65,66], have worked intensively on the characterization of nanocarbons by wide- and small-angle X-ray scattering. These investigations have demonstrated that carbonaceous materials derived from various sources present overall disordered microporous systems consisting of amorphous regions and regions, in which graphene sheets of various size and mutual registry have been formed (cf., the review by Faber et al. [63]). The overall picture of the nanostructures [67] is in qualitative accord with recent studies employing high-resolution transmission electron microscopy (HR-TEM) [68,69,70,71]. However, reviewing the current literature, it becomes clear that the great power of the analysis by small-angle scattering has hardly been exploited so far.



Here we wish to review work done by SAXS [43,44,45,46,47,48,49,50,51,52,53,54,55,56,72,73,74,75] and SANS [23,57,58,74,76,77,78] on the nanostructure of carbon materials. To date, there has been no general consensus on the way to evaluate the scattering curves I(q), (q: magnitude of scattering vector) of partially ordered carbon materials as obtained by SAXS and SANS. A central problem here is the fact classical theory predicts that porous systems characterized by sharp interfaces should decay with q−4 (Porod’s law; see [79,80]). However, the scattering intensity measured for numerous carbonaceous materials [46,50,62,73,74,81] exhibits a much smaller exponent around −3 than q−4. This finding has led to the modeling of the structure of such materials in terms of a fractal [45,47,58]. Many years ago, however, Ruland [82] presented good arguments against this interpretation. This note [82] does not seem to have attracted much attention since.



The current ways of evaluating SAXS-data comprise the modeling of pores in these materials as polydisperse spheres [83,84] or slits [85,86]. For many materials, however, a smooth spherical shape of the pores can definitely be ruled out [73] and a model-free approach is clearly superior to an approach that assumes a given shape of the pores. Most investigations [4,23,48,55,87] of carbon materials using SAXS or SANS have followed Kalliat et al. [88] in interpreting the scattering intensity in terms of the correlation function of Debye, Anderson, and Brumberger [89]. This, however, is in clear contradiction to the established microstructure of most carbon nanomaterials that consist of graphene-like structures with a typical length scale of ca. 1 nm [63,64,67,69,70]. To the authors’ best knowledge, Schiller and Méring in 1967 seem to have been the first to show that the measured intensity I(q) has an additional term that scales with q−2 [90]. They demonstrated that this contribution to I(q) is caused by fluctuations in layer spacing and size of the imperfectly stacked graphene layers [67]. Perret and Ruland used this idea to develop a correct evaluation of the SAXS intensities obtained for non-graphitizable and glassy carbons by SAXS [46,50,82,91]. Later, Smarsly et al. improved this analysis of SAXS-data [52,92] by the evaluation of the data in terms of the chord length distribution (CLD) [93].



Previously, we have applied this approach to the analysis of microporous carbon material used for lithium-sulfur batteries [72,73]. SAXS data of such a material were shown to a give full characterization that goes far beyond porosity and internal surface. Later, we analyzed the impregnation of carbonaceous materials by sulfur [72]. Another aspect that can be tackled is the binder influence on carbonaceous surface features when going from carbon powder to electrode [74]. This aspect has been raised in conjunction with electrodes for energy conversion and storage applications [36,74]. Recently, we looked into the structure formation during the synthesis of CDC, where we could follow the structural parameters as a function of the chlorination temperature [75].



Here we review our recent investigations as follows. We first describe the theoretical basis of the analysis of carbonaceous material by small-angle scattering. As an example of such an evaluation, we use recent SAXS data obtained on CDC [75]. Further, we extend our SAXS analysis discussion to different case studies based on commercially produced activated carbons (CAN [73], RP-20 [74]) and provide the comparison with SANS data. We briefly summarize the main results regarding the changes in scattering intensities caused using the different contrast matching agents, e.g., by gradually filling of the pores by deuterated p-xylene [77], deuterated toluene [73], or impregnating the carbon with sulfur via melting procedure [72]. The purpose of the present review is to demonstrate the enormous power of the small-angle techniques for structural research if the analysis is based on the CLD approach. It should be noted that the present approach is set up to describe nonparticulate systems without long-range order.




2. Analysis of Carbons by Small-Angle Scattering: Evaluation of the Data


Figure 1 displays the SAXS intensities obtained from CDC synthesized at different chlorination temperatures. There are three regions on the scattering curves that are comparable to previous studies on CDC [4,48]: (i) At a low q (q < 0.4 nm−1) upturn due to macropores; (ii) an intermediate area with a shoulder (0.4 < q < 3 nm−1); (iii) and a final slope for q > 3 nm−1 that contains information on the microporous structure below 2 nm and the scattering intensity due to the fluctuation contributions discussed in the introduction [50,52,73,90].



In the following, we explain the analysis of the SAXS data introduced by Ruland and coworkers [46,50,82,91] and applied recently to microporous carbon materials [73,74,75,78]. In many cases, powders or fibers are analyzed that do not fill the entire scattering volume. Therefore, the macroscopic differential scattering cross-section is normalized to the mass via division by the apparent filling density    ρ f    of the powder, giving units of cm2·g−1


    d  Σ m    d Ω    ( q )  =  1   ρ f      d σ   d Ω    ( q )   



(1)




where   q =  (  4 π / λ  )  sin ϴ   is the magnitude of the scattering vector with the wavelength λ and the scattering angle 2ϴ.     d σ   d Ω    ( q )    is the macroscopic cross-section in units of cm−1. Evidently, this normalization allows us to obtain scattering cross-sections that are necessary for all subsequent quantitative evaluations.



As explained in the introduction, the mass normalized macroscopic scattering cross-section of porous carbon is the superposition of two different scattering contributions [50,90]:


   1   ρ f       d σ     d Ω     ( q )  =        d Σ    pores      d Ω     ( q )  +      d Σ    fluct      d Ω     ( q )   



(2)




where      d Σ    pores   /  d Ω    is the scattering of a two-phase system with pores in a homogeneous carbon matrix, whereas      d Σ    fluct   /  d Ω    is the fluctuation contribution from the lateral imperfection and finite size of the carbon layers as introduced by Schiller, Méring, and Ruland [82,91]. Both scattering contributions are statistically independent and their scattering intensities superimpose [50]. The three dimensional fluctuation contribution can be approximated by [73]:


       d Σ    fluct      d Ω     ( q )  =      B  fl    l R    2   (  18 +  l R    2   q 2   )       (  9 +  l R    2   q 2   )   2     



(3)




where    B  fl     defines the scattering contribution of the carbon phase and    l R    provides a measure of the lateral dimensions of the graphene sheets embedded in the material. In order to determine the fluctuation term, a modified Porod’s law [46,50,52,73,90] is employed for the large q-values by combining Equations (2) and (3):


       d Σ   m     d Ω     ( q )   →  q L ≫ 1        (  2 π  )   4   P m     q 4    +    B  fl      q 2     



(4)




where    P m    is the Porod constant and L is the structural length scale. The inner surface area    S m    is associated via    P m    as follows:


   P m  =    P   ρ f    =     Δ  ρ 2       (  2 π  )   3     S m   



(5)




where   Δ ρ   is the scattering contrast of carbon versus vacuum calculated from the skeletal density [73].



Figure 2 presents a modified Porod plots according to Equation (4) for CDC obtained at different chlorination temperature/s. The plots of    q 4       d Σ   m     d Ω     ( q )     vs  .    q 2    are linear and allow us to determine the fluctuation contribution accurately [62,82,90,93]. Following Smarsly et al. [52], this term can be removed by subtracting    B  fl   /  q 2    from the scattering curves if the SAXS intensity is dominated by pore scattering. As demonstrated in Figure 2 for two CDC powders, the fluctuation-induced scattering presents a more significant term. In this case lateral correlation length    l R    must be estimated as discussed in detail by the authors of [73,74]. For a given    B  fl    , the length parameter    l R    is chosen so that the contribution of the fluctuations Equation (4) remains below the scattering curve (see solid lines in Figure 3). One must ensure, however, that, for sufficiently high scattering angles, the expression Equation (4) leads to the modified Porod fit.



After removing the scattering contribution of lateral disorder, as shown in Figure 2 and Figure 3, Figure 4 displays the SAXS scattering curves, which show that the asymptotic q−4 behavior and the classical theory of small-angle scattering may be applied again.



These corrected intensities may now serve for the calculation of the chord length distribution (CLD)   g  ( r )    by the approach of Smarsly et al. [52]. Figure 5 displays the basic principle of this analysis.



It should be emphasized that this analysis makes no assumptions on the shape and structure of the pores [72,73,74,76,78]. The CLD is the “well-behaved” part of the second derivative of the autocorrelation function    γ ″   ( r )   :


  g  ( r )  =    1  Δ  ρ 2     (   l P     γ ″   ( r )  +   2  π 3   P δ   ( r )   )   



(6)




where    l P    is the number-average chord length of the system comprising both chords that go through pores and chords that go through solid material (Figure 5). The results of the calculation of the chord length distribution (CLD)   g  ( r )    by the approach of Smarsly et al. [52] are presented as solid lines in Figure 6.



In the case of higher-ordered porous materials, chords may go through the pores or the solid twice, which leads to side maxima and zeros in   g  ( r )    (Figure 7). The interpretation of   g  ( r )    measured for such materials is then a difficult task [92]. However, for the disordered carbon materials under consideration here, these higher order terms cancel out each other, and   g  ( r )    can be approximated by a sum of the chord distributions of the pores and the solid material [93]. In general, the CLD at r = 0 gives valuable information on the angularity, i.e., the presence of edges of the system (see Figure 5). A finite value of degree of angularity   g  ( 0 )    indicates the presence of a significant number of sharp edges at the phase boundary [92,93].



The number-average chord length is the first moment of the CLD [52]:


   l p  C L D   =     ∫  0 ∞  r g  ( r )  d r  



(7)







The number-average chord length can be calculated independently from the scattering data as follows:


   l p  S A X S   =    Q m    2  π 3   P m    =  (  1 − ϕ  )  〈  l  p o r e   〉 = ϕ 〈  l  s o l i d   〉  



(8)




where    Q m    is the invariant of the system expressed per unit mass,  ϕ  is the porosity, and   〈  l  p o r e   〉   and   〈  l  s o l i d   〉   are the mean chord length of the pore and solid, respectively. The comparison of the number-average chord length    l p  C L D    , calculated by Equation (7) with the    l p  S A X S     value calculated by Equation (8), provides a validity check of the experimental data and CLD theory (see Table 1). The mean chord length of the pores   〈  l  p o r e   〉   and the solid   〈  l  s o l i d   〉   are obtained from the    l p    and the porosity by:


  〈  l  p o r e   〉   =    l p    1 − ϕ   ;   〈  l  s o l i d   〉   =    l p   ϕ  .  



(9)







The invariant is the integral of the area of the Kratky curve (see Figure 6):


   Q m  =    1     (  2 π  )   3      ∫  0 ∞       d Σ    p o r e s      d Ω     ( q )  4 π  q 2  d q  



(10)




and is linked to the porosity  ϕ  by


   Q m  =     Δ  ρ 2     ρ  grain     ϕ  (  1 − ϕ  )   



(11)




where    ρ  grain     stands for the overall density of the carbon particles/grains. Due to the empty pores, the particle density is linked to the skeletal density by    ρ  grain   =    ρ  S k    (  1 − ϕ  )   . The skeletal density determines the difference in scattering length density between the carbon matrix and the pores as   Δ ρ =  (   N A     ρ  S k      r e    Z  )  /  A C   . Here NA is Avogadro’s number, re the classical electron radius, Z the number of electrons per carbon atom, and AC is the atomic weight of carbon. Thus, combining this with Equation (11), the porosity is given by [73]:


  ϕ =      Q m     ρ  S k        (     A C     N A   r e  Z    )   2   



(12)




and represents information from the SAXS data without any model assumptions (see Table 1).



The weight-averaged chord length    l c    follows as:


   l c  =    1  2 π  Q m      ∫  0 ∞    d  Σ  p o r e s     d Ω    ( q )  q d q  



(13)







Perret and Ruland demonstrated that a degree of the disorder of the carbon can be obtained by the relation [50]:


     B  f l   ϕ   2 π  a 3   Q m    =    〈   Δ 2   a 3   〉       〈   a 3   〉   2    +    〈   Δ 2   l R   〉       〈   l R   〉   2     



(14)




where    a 3    is the distance of two carbon layers in the graphite crystal structure and corresponds to    d  002   = 0.335    nm    [60,90,94].



Figure 7 shows that all CLDs extracted from the scattering data of the CDC exhibited only a single peak. This is a clear indication that the chords leading to the   g  ( r )    shown in Figure 7 penetrated through the pores or walls only once, and that ordered structures characterized by chords that penetrate pores or walls twice did not contribute to   g  ( r )    significantly. This finding, in turn, demonstrates that all CDC present disordered materials with decorrelated pores. Hence, the analysis itself demonstrates its applicability to the present set of materials.




3. Discussion of the Structural Features and Calculated Characteristics of Different Carbonaceous Materials


Table 1 summarizes all data derived from the SAXS analysis of CDCs. Here we display the data derived from our previous work for the following systems: CAN [73], RP-20 [74], and CDC [75]. As discussed above, the scattering contribution caused by the fluctuations is embodied in the parameter    B  f l     [82,91] and must be removed first. Table 1 shows that the fluctuation contribution   d  Σ  f l u c t   / d Ω   of the carbon layers in CDC [75] significantly decreased with the increasing chlorination temperature used for the synthesis of the CDCs. A similar trend has been observed when progressively filling of the carbon matrix with sulfur [72] or in situ sorption combined with SAS experiments [76,77,95].



Contrary to the classical sorption analysis, the CLD-based SAS techniques do not require any prior assumption or knowledge of the pore morphology. They are applicable for any distribution of pore sizes as well as pore shapes [77]. Moreover, as shown in the above discussion, the porosity followed directly from the SAXS analysis without any prerequisite. Moreover, the precise inner surface area    S m    (Equation (5)) from the intercept of modified Porod plot (Figure 2) was directly obtained. For the CDC materials studied by the authors of [75], a gradual increase in    S m    as well as in porosity ( ϕ ) (Equation (12)) was seen with increasing the chlorination temperature (Table 1). Thus, the CDC synthesized at 1000 °C had a very low surface area, with 47% porosity, probably caused by the collapse of micropores located in the mesopore walls. Thereafter, a partial graphitization of the carbon took place [67].



Figure 5 serves for a visualization of all results obtained by the present analysis. The parameters   〈  l  pore   〉   and   〈  l  solid   〉   present direct measures for the average pore size and the average thickness of the walls between the pores, respectively. Table 1 demonstrates that   〈  l  pore   〉   was much smaller than   〈  l  solid   〉   for the two lowermost temperatures, as expected. Therefore,   g  ( r )   , displayed in Figure 6, will be dominated by the contributions of the pores. The finite angularity   g  ( 0 )    demonstrates that the pores were more likely a slit-like shape with sharp edges as sketched in the Figure 5 (see below). In both cases, the number-average chord length    l P    (Equations (7) and (8)) was approximately 0.6 nm, that is, an ultra-microporous system according to IUPAC classification [42]. The average pore size increased with higher chlorination temperature, which was obvious from the continuous increase of   〈  l  pore   〉   (see Table 1). At the same time,   〈  l  solid   〉   decreased such that the average size of the pores and pore walls assumed a comparable size. Contrary to continuous increase of the   〈  l  pore   〉   with the increasing temperature of the synthesis, the porosity did not exceed 63% at 900 °C and it diminished to 47% at the highest temperature studied (see Table 1). Carbonaceous powders synthesized at 900 °C and 1000 °C were therefore dominated by mesopores. There was a loss of microporosity because of the collapse of the micropores, which was concomitant to a growth of the size of carbon layers embodied in the parameter   〈  l  solid   〉  . This parameter assumed a maximum value of 3.2 nm at the highest chlorination temperature (Table 1).



Chords near   r    = 0 always refer to features near the surface of the pores and can be interpreted directly. Up to chlorination temperature of 900 °C   g  ( 0 )    was of appreciable magnitude. This indicates the presence of sharp edges and rules out spherical pores or long cylindrical pores (see Figure 5) [77]. It is fully compatible with the prior conclusion that the pores assumed a slit-like shape [73,75]. At the highest chlorination temperature, however,   g  ( 0 )    decreased considerably [75]. For round surfaces, this parameter will be zero, but will assume a finite value for pores with edges [77]. Table 1 demonstrates that this structural transition is related to a marked increase of the thickness of the pore walls as indicated by the increase of   〈  l  pore   〉   and a loss of ultramicroporosity as seen from Figure 6. Hence, we see a transition from an ultra-to a super-microporous material.



The Ruland length    l R    and the degree of disorder     〈  Δ 2   a 3  〉   〈  a 3   〉 2    +   〈  Δ 2   l R  〉   〈  l R   〉 2      give valuable and quantitative information on the increasing degree of graphitization with increasing chlorination temperature. The latter parameter decreased by approximately one order of magnitude when the chlorination temperature was raised from 600 °C to 1000 °C. The length parameter    l R    increased markedly for the two smallest temperatures and exceeded 20 nm for temperatures of 800 °C and more. This trend is the same as observed by Faber et al. for a series of silicon carbide derived carbons by wide-angle X-ray scattering [65]. The parameter La, giving the extent of the graphene sheets derived therefrom, is generally smaller [65] than the parameter    l R    derived here from SAXS, and La seems to attain the magnitude only for similar systems at much higher temperatures (cf., Table 4 of [64]). For both commercially produced carbon materials, ACN [73] and RP-20 [74], a low    l R    value was observed (Table 1). It should be kept in mind, however, that    l R    presents an estimate and upper bound of the graphene sheets only, whereas La is derived directly from wide-angle scattering [63,65]. The structural reorganization upon ongoing graphitization is also visible in recent TEM studies [69,71] showing structural units of the order of a few nanometers. It has been demonstrated that La in both graphitizing and non-graphitizing carbons have values around 1 nm, indicating highly disordered structures with relatively little graphitization [67].



The shape of the pores could also be derived from the ratio    l c  /  l p  S A X S     ratio, which points to highly curved and tortuous inner surfaces. The    l c  /  l p  S A X S     ratio of 8.8 was found to be highest for CDC synthesized at 700 °C, indicating a broad distribution of chord length due to an asymmetric shape of the pores.



The significant decrease of degree of disorder     〈  Δ 2   a 3  〉   〈  a 3   〉 2    +   〈  Δ 2   l R  〉   〈  l R   〉 2      was observed upon further chlorination treatment. According to model proposed by Franklin [60], the carbon graphitization ordering results from the movement of whole layers or large fragments rather than individual atoms. Thus, at high temperatures, graphene sheets are highly packed and closely folded together in order to reduce surface energy [67].



As shown here, the SAXS method is very powerful for a deeper understanding of surface and pore formation as a function of chlorination temperature. Interest in micropore structures and pore distribution within the carbon led to continuous practical applications over the decades. Not only is the formation of the porous network itself interesting, but also the accessibility of the pores in order to achieve higher energy densities. Recently, SANS and SAXS together with the contrast matching technique have contributed to reveal bottlenecks in this matter [57,58,72,74,77]. Figure 8 demonstrates the comparison of the SAS data of RP-20 measured with X-rays or neutrons [96,97]. Neutrons and X-rays have a different contrast due to different scattering lengths (cf., Table 2). Therefore, the SAXS data shown in Figure 8 had to be scaled down by the contrast factor of 6.47.



Various contrast matching agents can be very useful in order to investigate the accessibility of the pores in carbon matrix [72,73,74,76,77]. Hence, the total scattered intensity measured for the sample is proportional to the square of the difference in scattering length density (SLD) between the carbon matrix and the pores/matching agent as follows:


    d Σ   d Ω    ( q )  ~    (  Δ S L D  )   2  ,  



(15)







Subsequently, we observed that changes in scattering intensities changed using the deuterated toluene (C7D8) and deuterated water (D2O), which were chosen for the contrast matching due to their similar neutron scattering length density with respect to carbon (See Table 2). SANS together with contrast matching agent allows us to see whether a given gas/liquid accesses the pores. In Figure 9, the scattering patterns of the dry RP-20 carbon and different filling of the RP-20 carbon with the two matching agents, i.e., C7D8 and D2O, are presented [74]. Air traces from the pores were removed by the vacuum filling method [73,74]. Plain C7D8 or D2O scattering intensities as a flat background due to the incoherent scattering contribution have been determined and subtracted, taking into account the respective volume fractions (Figure 9).



The complete filling of the micropores can be seen from the reduction of the scattering intensities beyond q ≥ 0.8 nm−1 by one order of magnitude for C7D8 and by nearly two orders of magnitude for D2O (Figure 9). Clearly, different situations are to be discussed when filling the pores with the liquid C7D8 or with the polar liquid D2O [74]. Depending on the polarity of the carbon surface, the difference of the polarity of the filling agent may play an important role because the wetting of the pores will depend on polarity.



As outlined above, the classical analysis of the SAS data is based on the assumption of pores within a solid matrix of uniform scattering length density (Equation (2)) [46]. Mascotto and coworkers [72,76,77] used the principle of contrast matching, combining physisorption with in situ SAS (SAXS or SANS) to determine the fluctuation contribution      d Σ    fluct   /  d Ω    directly. In this case, scattering patterns do not only provide information on accessibility (sorption mechanism) but also on the pore size distribution simultaneously within one run [57,58]. Choosing the appropriate contrast matching agent which has similar scattering length density with respect to carbon, e.g., sulfur for SAXS or deuterated p-xylene for the SANS experiment, is required (Table 2) [72,77]. Filling the pores gradually by changing the relative pressure of deuterated p-xylene [77] or impregnating the carbon with sulfur via a melting procedure [72] can be used to study a two-phase system. In either case, the        d Σ    pores      d Ω     ( q )    was analyzed in terms of the chord length distribution for different relative pressure of deuterated p-xylene or loadings with sulfur. The results show that the constant increase of the number-average chord length    l p    obviously indicate the gradual filling of the carbon matrix, i.e., the distance between the pores becomes larger with an increased filling of the system by deuterated p-xylene or sulfur. In both cases, the CLD approach is the method of choice providing a comprehensive characterization of pores in the carbonaceous matrix and its subsequent filling by sulfur or by a solvent with a given polarity.




4. Conclusions


Quantitative small-angle scattering experiments provide a powerful tool for the determination of structural parameters and the nanoscopic morphology of carbon materials used in material engineering for energy conversion or for supercapacitors and batteries. The microstructures of different carbonaceous materials were investigated by small-angle scattering with neutrons and X-rays of two commercially available ACN, RP-20, and a series of carbide-derived carbons CDC synthesized at various chlorination temperatures. The total scattering intensity measured could be separated correctly into two statistically independent contributions: (i) Fluctuation contribution      d Σ    fluct   /  d Ω    of the carbon layers and (ii) the pore scattering      d Σ    pores   /  d Ω   . After removing the contribution of lateral disorder, the SAS scattering patterns show the asymptotic q−4-behaviour. Thereafter, the remaining scattering curves can then be evaluated to yield in total nine structural parameters which define the spatial architecture of studied carbons, namely: The inner surface area    S m   , porosity (i.e., the volume fraction of the micropores)  ϕ , number-average chord length    l P   , mean chord length of the pore   〈  l  p o r e   〉   and the carbon matrix   〈  l  s o l i d   〉  , weight-averaged chord length    l c   , lateral correlation length    l R   , degree of angularity   g  ( 0 )   , and a degree of disorder     〈  Δ 2   a 3  〉   〈  a 3   〉 2    +   〈  Δ 2   l R  〉   〈  l R   〉 2     . The analysis of the SAS data is model free, i.e., no predefined pore geometry is required and it is applicable within a wide distribution of pore sizes via analysis of the chord length distribution, i.e.,   g  ( r )   . Here, we also demonstrated that with various contrast matching agents the accessibility of the pores in the carbon matrix have been successfully investigated.



Hence, SANS and SAXS are able to provide precise quantitative information on crucial structural parameters which can be directly correlated to macroscopic functional parameters like stored energy per volume or electrical power. The present discussion has also delineated the limits of data evaluation by showing what kind of parameter can be obtained from the analysis of SAXS and SANS data (see the discussion of Table 1). Any information beyond these parameters is not backed by theory. However, the parameters gathered in Table 1 provide a detailed picture of the microstructure of carbonaceous materials. This information can then be correlated to the electrochemical performance of the materials. Work along these lines is underway.
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Figure 1. Analysis of carbide-derived carbons (CDC) by small-angle X-ray scattering: Mass normalized scattering curves of CDC powders [25] synthesized at different temperatures compared with commercial RP-20 carbon powder [74,85], as noted in the Figure. Reproduced with permission from [74,75] copyright© 2019, Elsevier. 
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Figure 2. Analysis of CDC materials by SAXS [75]. Porod plot according to Equation (4) for two CDC powders synthesized at 600 °C and 1000 °C, respectively. The slope and the intercept of the solid line gives the magnitude of    B  fl     (Equation (4)) and the inner surface area (Equation (5)), respectively. This information allow us to correct the experimental scattering curves for the fluctuations in the solid carbonaceous material. Reproduced with permission from [75] copyright © 2019, Elsevier. 
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Figure 3. Analysis of CDC-carbon materials by SAXS using the CLD-approach [75]. The scattering curves (mass normalized) for two CDC powder synthesized at 600 °C (a) or 1000 °C (b) are given as filled symbols, and the fluctuation contribution Equation (4) from the lateral imperfection and finite size of the carbon layers is indicated by solid lines in the graphs. Removal of the scattering contribution caused by these fluctuations allow us to analyze the scattering intensity for porosity, given as open symbols. See text for further explanation. Reproduced with permission from [75] copyright © 2019, Elsevier. 
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Figure 4. Analysis of CDCs by SAXS [75]. The fluctuation-induced contributions (see the discussion of Figure 2 and Figure 3) have been subtracted from the measured scattering intensities. Hence, the scattering patterns shown in this graph are exclusively associated to the pores in a two-phase system. The color coding given in the graph refer to the different temperatures at which the materials have been synthesized [25,75]. For all CDCs, the final slope q−4 was restored at the high scattering angles (see the discussion of Equation (4) above). Reproduced with permission from [75] copyright © 2019, Elsevier. 






Figure 4. Analysis of CDCs by SAXS [75]. The fluctuation-induced contributions (see the discussion of Figure 2 and Figure 3) have been subtracted from the measured scattering intensities. Hence, the scattering patterns shown in this graph are exclusively associated to the pores in a two-phase system. The color coding given in the graph refer to the different temperatures at which the materials have been synthesized [25,75]. For all CDCs, the final slope q−4 was restored at the high scattering angles (see the discussion of Equation (4) above). Reproduced with permission from [75] copyright © 2019, Elsevier.



[image: Carbon 06 00082 g004]







[image: Carbon 06 00082 g005 550] 





Figure 5. Nanostructure of CDCs described in terms of the chord length distribution [75]. The definition of a chord in partially ordered materials: Contributions to   g  ( r )    from chords that go through the pores (blue solid lines) and chords that go through the solid pore walls (red solid lines), as noted in Figure. This figure also serves for the visualization of the structure of the CDCs on the nanoscopic level. Reproduced with permission from [75] copyright © 2019, Elsevier. 
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Figure 6. Analysis of CDCs by SAXS in terms of the chord length distribution. Kratky plots of the pore scattering data from Figure 4 vs. scattering vector. The solid lines display the respective fits by the chord length distribution shown in Figure 7. Table 1 summarizes the parameters derived from this analysis. The color coding indicated in the graph refers to the different temperatures at which the CDCs have been synthesized. Reproduced with permission from [75] copyright © 2019, Elsevier. 
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Figure 7. Analysis of the CDCs by SAXS. The chord length distribution   g  ( r )    derived from SAXS data (see Figure 4) is plotted against the length of the chords. The color coding in the graph refers to the different temperatures at which these CDCs have been synthesized (see also the discussion of Figure 6 above). Reproduced with permission from [75] copyright © 2019, Elsevier. 
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Figure 8. Comparison of the RP-20 carbon measured by SAXS on a SAXSess (Anton Paar) (black symbols) and SANS at the small-angle scattering instrument V4 (cold neutron guide of Helmholtz-Zentrum Berlin—BER II) (red symbols). The SAXS data shown are scaled by the contrast factor 6.47. The corrected SAXS data from Figure 1 and SANS data were normalized to mass as indicated in Equation (1). 
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Figure 9. Analysis of carbonaceous nanomaterials by SANS: The scattering curves of the RP-20 carbon obtained from dry powder as measured (black symbols). The corrected scattering curves for RP-20 powder filled with deuterated toluene (C7D8) are shown by blue symbols and RP-20 powder filled with deuterated water (D2O) by red symbols. All intensities have been corrected using the respective volume fractions as noted in Figure. Reproduced with permission from [74] copyright © 2019, Elsevier. 
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Table 1. The comparison of structural parameters deduced from SAXS measurements of different carbonaceous materials: The three dimensional fluctuation of scattering contribution    B  fl    , invariant    Q m   , Porod constant    P m   , inner surface area    S m   , porosity  ϕ , number-average chord length    l P   , mean chord length of the pore   〈  l  p o r e   〉   and the carbon matrix   〈  l  s o l i d   〉  , weight-averaged chord length    l c   , ansiometric ratio    l c  /  l p  S A X S    , lateral correlation length    l R   , degree of angularity   g  ( 0 )   , and the degree of disorder     〈  Δ 2   a 3  〉   〈  a 3   〉 2    +   〈  Δ 2   l R  〉   〈  l R   〉 2     . Reproduced with permission from [73,74,75] copyright © 2019, Elsevier.
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	Property
	600 [75]
	700 [75]
	800 [75]
	900 [75]
	1000 [75]
	ACN [73]
	RP-20 [74]





	   B  fl    /cm2 g−1 nm−2
	10.8 ± 0.2
	9.7 ± 0.2
	7.6 ± 0.2
	7.9 ± 0.1
	2.23 ± 0.03
	7.77 ± 0.09
	10.1 ± 0.1



	   Q m   /cm2 g−1 nm−3
	3.9 ± 0.2
	4.0 ± 0.2
	6.8 ± 0.2
	9.0 ± 0.2
	6.8 ± 0.1
	4.2 ± 0.1
	3.6 ± 0.2



	   P  m    /cm2 g−1 nm−4
	0.112 ± 0.004
	0.110 ± 0. 004
	0.152 ± 0.005
	0.158 ± 0.002
	0.072 ± 0.001
	0.126 ± 0.002
	0.098 ± 0.002



	   S m   /m2 g−1
	965 ± 102
	950 ± 100
	1310 ± 137
	1363 ± 137
	621 ± 62
	1090 ± 110
	842 ± 86



	  ϕ  
	0.27 ± 0.02
	0.28 ± 0.02
	0.47 ± 0.03
	0.63 ± 0.03
	0.47 ± 0.03
	0.29 ± 0.02
	0.25 ± 0.02



	   l p  S A X S    /nm
	0.57 ± 0.04
	0.59 ± 0.04
	0.72 ± 0.03
	0.92 ± 0.02
	1.52 ± 0.02
	0.54 ± 0.03
	0.59 ± 0.03



	   l p  C L D    /nm
	0.58 ± 0.1
	0.63 ± 0.1
	0.74 ± 0.2
	0.93 ± 0.2
	1.71 ± 0.1
	0.53 ± 0.1
	0.62 ± 0.06



	  〈  l   P o r e    〉  /nm
	0.78 ± 0.6
	0.81 ± 0.05
	1.35 ± 0.1
	2.5 ± 0.2
	2.9 ± 0.1
	0.76 ± 0.05
	0.79 ± 0.04



	  〈  l   S o l i d    〉  /nm
	2.1 ± 0.2
	2.1 ± 0.2
	1.5 ± 0.1
	1.5 ± 0.1
	3.2 ± 0.2
	1.9 ± 0.2
	2.4 ± 0.2



	   l  c    /nm
	4.1 ± 0.3
	5.2 ± 0.3
	4.5 ± 0.2
	4.9 ± 0.1
	9.7 ± 0.1
	1.2 ± 0.1
	0.91 ± 0.1



	    l  c   /  l p  S A X S     
	7.2 ± 0.02
	8.81 ± 0.09
	6.25 ± 0.02
	5.33 ± 0.01
	6.38 ± 0.02
	2.22 ± 0.06
	1.54 ± 0.09



	   l  R    /nm
	4.0 ± 0.2
	9.0 ± 0.5
	>20
	>20
	>20
	1.0 ± 0.1
	1.2 ± 0.1



	  g  ( 0 )   /nm−1
	1.24 ± 0.04
	1.16 ± 0.05
	1.13 ± 0.03
	0.92 ± 0.02
	0.25 ± 0.1
	1.0 ± 0.02
	0.75 ± 0.08



	     〈  Δ 2   a 3  〉   〈  a 3   〉 2    +   〈  Δ 2   l R  〉   〈  l R   〉 2      
	0.36 ± 0.03
	0.32 ± 0.03
	0.25 ± 0.02
	0.26 ± 0.02
	0.074 ± 0.004
	0.25 ± 0.02
	0.33 ± 0.03
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Table 2. The neutron and X-ray scattering length densities [74].
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	Carbon/Contrast

Matching Agent
	Density

(g cm−3) at 25 °C
	Neutron SLD

(10−6 Å2)
	X-ray SLD

(10−6 Å2)





	Carbon
	2
	6.334
	16.159



	Deuterated Water
	1.107
	6.375
	9.429



	Deuterated Toluene
	0.943
	5.664
	8.008



	Sulfur
	2.07
	1.107
	17.896



	Deuterated p-Xylene
	0.861
	5.350
	7.311
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