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Abstract 

 

In the process of developing carbon-supported metal catalysts, determining the catalyst 

particle-size distribution is an essential step, because this parameter is directly related to 

the catalytic activities. The particle-size distribution is most effectively determined by 

small-angle X-ray scattering (SAXS). When metal catalysts are supported by high-

performance mesoporous carbon materials, however, their mesopores may lead to 

erroneous particle-size estimation if the sizes of the catalysts and mesopores are 

comparable. Here we propose a novel approach to particle-size determination by 

introducing contrast variation-SAXS (CV-SAXS). In CV-SAXS, a multi-component 

sample is immersed in an inert solvent with a density equal to that of one of the 

components, thereby rendering that particular component invisible to X-rays. We used a 

mixture of tetrabromoethane and dimethyl sulfoxide as a contrast-matching solvent for 

carbon. As a test sample, we prepared a mixture of a small amount of platinum (Pt) 

catalyst and a bulk of mesoporous carbon, and subjected it to SAXS measurement in the 

absence and presence of the solvent. In the absence of the solvent, the estimated Pt particle 

size was affected by the mesopores, but in the presence of the solvent, the Pt particle size 

was correctly estimated in spite of the low Pt content. The results demonstrate that the 

CV-SAXS technique is useful for correctly determining the particle-size distribution for 

low-Pt-content catalysts, for which demands are increasing to reduce the use of expensive 

Pt. 
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Introduction 

 

Small-angle X-ray scattering (SAXS) is a useful method for characterizing the structure 

of catalyst particles for fuel cells and other applications [1-2]. In these applications, the 

nanometer-sized catalyst particles, typically made of platinum (hereafter Pt), are 

supported on larger particles made of lighter elements, typically carbon [3-7]. 

Determining the particle-size distribution of the catalysts is important, because it allows 

for the estimation of the catalytic surface area, which is directly related to the catalytic 

activity of the whole system. The growth of catalyst particles during fuel cell operation is 

a major source of catalyst degradation. 

  Particle sizes can be determined by several techniques, including SAXS, wider-angle 

X-ray diffraction (XRD), X-ray absorption fine structure (XAFS) and transmission 

electron microscopy (TEM) [8-9]. Among these techniques, only SAXS and TEM can 

determine the distribution of particle sizes. SAXS is superior to TEM in terms of counting 

statistics, because in SAXS measurements, a far greater number of catalyst particles exist 

in the X-ray beams than in the observed areas of TEM.  

  A drawback of SAXS measurements is that they cannot distinguish particles of 

heterogeneous nature if their sizes are similar. This limitation arises because X-ray 

scattering is sensitive only to the spatial distribution of electrons that are common to all 

elements. In the case of carbon-supported Pt catalysts, the contribution of carbon can 

usually be ignored, because the number of electrons per atom (atomic number) is far 

greater for Pt than for carbon (78 vs. 6, the scattering intensity is proportional to the square 

of the atomic number). However, if only a small number of Pt particles exist on carbon, 

the contribution of carbon cannot be ignored. This situation could result in erroneous 

estimation of particle size distributions, especially when the carbon has mesopores with 

sizes similar to those of Pt catalysts. 

  One way to overcome this problem would be through the use of anomalous SAXS 

(ASAXS, e.g., [10-12]). This method utilizes the phenomenon known as anomalous X-

ray scattering, in which the scattering intensity changes sharply with X-ray energies at 

around the absorption edge of a specific element. By employing this technique, structural 

information of a single element (here, Pt) can be extracted from a multi-element system. 

However, the energy-dependent change of scattering intensity is usually very small 

(equivalent to only a few electrons per atom), and it can introduce errors unless very 

careful and accurate measurements are carried out. 

  Here we propose an alternative method to address this issue, namely the use of contrast-

variation SAXS (CV-SAXS). In this method, the sample is immersed with a solvent. 
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When the electron density of the solvent matches that of one of the components in the 

sample (here, carbon), there will be no contrast between the solvent and the component, 

causing the component to become invisible to X-rays. In the Pt-carbon system, only Pt 

should be visible to X-rays at the matching density, allowing one to determine its size 

distribution without being influenced by carbon microstructure. The advantage of CV-

SAXS is that, unlike ASAXS, the requirements for measurements are not stringent, and 

there is no restriction on the choice of X-ray energy. 

  The contrast-variation method is widely used in small-angle neutron scattering (SANS) 

[13-17]. For example, hydrogen and deuterium have very different scattering cross 

sections for SANS, and by replacing all the hydrogen atoms in a component with 

deuterium, it becomes possible to render that component invisible to neutrons. Although 

less frequently, the contrast-variation method is also utilized in SAXS, especially in 

protein solution scattering experiments [13, 15, 18-19]. In this scenario, distinct protein 

species have slightly different electron densities, and the electron density of the solvent 

can be adjusted to match that of one protein species by dissolving different amounts of 

sucrose or other solutes. 

  We needed to start with finding a solvent system suitable for metal catalyst-carbon 

systems. We found that a solvent density can be adjusted to be around that of carbon, 

when a high-density solvent 1,1,2,2-tetrabromoethane (TBE) is mixed with lower-density 

dimethyl sulfoxide (DMSO) in various ratios. First, we determined the matching 

concentration of TBE for carbon. Then, we applied the CV-SAXS technique to a 

commercially available Pt catalyst supported on solid carbon and a mesoporous carbon 

sample with mesopores whose size was comparable to that of Pt catalysts. Mesoporous 

carbon has attracted attention as support for catalysts, due to its superior properties as 

compared with conventional solid carbon, such as increased surface-to-volume ratio [20]. 

Therefore, it is anticipated that the demands for a method to accurately characterize 

catalysts supported by mesoporous carbon will increase.  

  Here we show that the CV-SAXS technique can effectively suppress the SAXS features 

originating from carbon mesopores, and this technique can be readily applied to extract 

the structural information of catalyst particles alone. 
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Materials and methods 

The Vulcan XC72-supported Pt catalyst, TEC10V30E, was purchased from Tanaka 

Precious Metals, Japan. The carbon samples, Vulcan XC72 and CNovel MH00, were 

obtained from Cabot Corporation (USA) and Toyo Tanso (Japan), respectively. 1,1,2,2-

tetrabrmoethane (TBE) and dimethyl sulfoxide (DMSO) were obtained from Tokyo 

Chemical Industry (Japan) and Merck (Germany), respectively. The concentration of TBE 

in the solvent is expressed in volume/volume (the volume change upon mixing is 

negligible and can be practically ignored). 

  The SAXS measurements were carried out at the BL40B2 beamline in SPring-8, 

Hyogo, Japan. The samples, either in the form of dry powder or suspensions in solvents, 

were filled in a microcell (Fig. 1) with two glass (BK-7) windows (thickness, 30 µm), and 

the space between the windows was 300 µm. The diameter of the window (2 mm) was 

greater than the beam size (0.6 x 0.35 mm, horizontal x vertical). Its minimal volume was 

approximately 1 µL. 

  A fixed amount of sample was thoroughly dispersed in the TBE/DMSO mixture (28.6 

mg/mL) in a polypropylene microtube immediately before X-ray recording. A 5 µL 

aliquot was pipetted to the cell. Sometimes it was necessary to spin down the suspension 

to the bottom of the microcell by using a hand-driven centrifuge. The uniformity of the 

suspension was inspected by observed through the window. If any non-uniformities were 

detected, the suspension was further stirred with a very thin stainless-steel wire.   

  The X-ray scattering was recorded with a 2-dimensional X-ray detector, Pilatus 2M 

(Dectris, Switzerland). The sample-to-detector distance was 1.2 m and the X-ray energy 

was 11.504 keV. The X-ray flux was 1011 photons/s. The total exposure time for each 

sample was 100 s (10 s x 10 exposures). The 2-D data were later reduced to 1-D, and the 

blank data (cell only or cell with solvent only) was subtracted after correction of 

absorption, to obtain the actual scattering intensities from the sample.  
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Results 

 

Determination of matching concentration of TBE for carbon samples   

We first determined the matching concentration of 1,1,2,2-tetrabromoethane (TBE) for 

carbon samples. The intensity of X-ray scattering is proportional to the square of electron 

density (number of electrons per unit volume). When the electron density of the solvent 

matches that of the carbon sample, there is no contrast, and consequently, the carbon 

becomes invisible to X-rays. As carbon samples, we used Vulcan XC72 (solid carbon) 

and CNovel MH (mesoporous carbon), both commonly used for supporting metal catalyst 

particles. The electron densities can be calculated using the chemical formulae of the 

substances and their specific gravities. The specific gravity of graphite is reported to be 

2.09~2.23 [21]. By using a value of 2.2 as the specific gravity and the atomic number of 

carbon (6), the electron density of graphite is calculated to be 1100 mol/L (1100 x 

Avogadro’s number of electrons in a liter). Likewise, the electron densities of TBE and 

DMSO are calculated to be 1322 and 592 mol/L, respectively, by using specific gravities 

described in the manufacturer’s data sheets. The electron density of TBE exceeds that of 

graphite, so that it is expected that one can prepare a solvent with a matching density by 

mixing it with DMSO in an appropriate ratio.  

  We prepared a series of TBE/DMSO mixtures with TBE concentrations ranging from 

0% to 90%, dispersed carbon samples (28.6 mg carbon/ml), and recorded the intensity of 

X-ray scattering. Figure 2 shows the dependence of scattering intensities from Vulcan on 

TBE concentration. The intensity was integrated over a q range between 0.1 and 6 nm-1. 

By using the specific gravity value of 2.2, the expected matching concentration is 

approximately 70%. The scattering intensities decreased with increasing TBE 

concentration, reaching their lowest point at 50~60%. The scattering intensity did not 

reach zero, meaning that the true matching point did not exist. This situation can arise if 

the electron density of the carbon sample is not uniform. Such a material can be regarded 

as a mixture of particles with varying matching concentrations.  

  The blue curve in Fig. 2 is the best-fit theoretical curve, assuming that the electron 

density of the carbon sample follows a Gaussian distribution (1100 ± 160 mol/L, mean ± 

S.D.). This fit demonstrates a substantially wide distribution of electron density within 

the carbon sample. The scattering curve from CNovel shows similar tendencies 

(Supplemental Material). 

  Although the true matching point is not reached, the scattering from the carbon samples 

at the bottom of the scattering curve is only a few percent of that in the air. Because of 

this, these concentrations are practically considered as matching concentrations. Hereafter, 
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we will use a 50% TBE/DMSO mixture as a solvent with a practically matching 

concentration. 

 

X-ray scattering curves for Vulcan and Vulcan-supported catalysts 

Figure 3A shows the scattering curves for Vulcan and a commercially available Vulcan-

supported Pt catalyst, TEC10V30E (catalyst ratio, 30% wt.), filled in glass capillaries 

without a solvent. The scattering intensity for Vulcan decreases monotonically with 

increasing scattering angle (q-value), and does not show any features. On the other hand, 

the scattering curve for TEC10V30E has a prominent shoulder-like feature at around q = 

1 nm-1. This feature represents the Guinier-region for the Pt catalyst particles, and by 

analyzing this part of the curve, one can determine their size distributions. Here we used 

the freely downloadable software McSAS [22-23] to determine the particle size 

distribution, which was 2.74 ± 0.76 nm in this case (mean diameter ± standard deviation 

after fitting the distribution with a Gaussian function). McSAS is a software package that 

employs Monte-Carlo regression to fit the model data to observed scattering curves, and 

obtains particle size distributions. 

  Next, we recorded the scattering curve for TEC10V30E dispersed in 50% TBE/DMSO 

(Fig. 3B). The scattering from the carbon was suppressed while that from Pt was not, and 

as a result, the shoulder-like feature remained prominent.  

  Finally, we dispersed a mixture of TEC10V30E and Vulcan to simulate a sample with 

a low catalyst ratio. The content of TEC10V30E was 5~6% by weight, so that the final 

catalyst ratio was 1.5~2%.When this sample is measured without a solvent, the feature of 

the Pt particles is obscured by the bulk of free Vulcan particles, making an accurate 

estimation of particle size distribution difficult (Fig. 3C).  

 In 50% TBE/DMSO, however, the scattering from Vulcan was suppressed, and the 

feature of the Pt particles was once again clearly observed (Fig. 3D). We were able to 

determine the particle size distribution, which was 2.68 ± 0.4 nm and was not different 

from the value determined for TEC10V30E alone. 

 

X-ray scattering from CNovel and its mixture with TEC10V30E 

Finally, we proceeded to use mesoporous CNovel carbon particles instead of Vulcan. 

Several varieties of CNovel are commercially available, but we chose MH00 because its 

mesopore diameter (~4 nm) is comparable to the size of Pt nanoparticles.  

  Figure 4A shows the scattering profile of CNovel particles in the absence of a solvent. 

Although the mesopores have negative contrast against the carbon body, their effects on 

X-ray scattering are the same as those with positive contrast. As a result, a Guinier-like 
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feature is observed in the scattering curve and it is almost indistinguishable from that 

originating from catalyst particles. The size distribution of the mesopores can also be 

analyzable by McSAS, and it was determined to be 3.6 ± 1.0 nm, which is slightly larger 

than the Pt particles in TEC10V30E. 

  When CNovel particles were dispersed in 50% TBE, the Guinier-like feature was no 

longer observable (Fig. 4B). This observation confirms that the feature originates from 

the nano-structure of carbon. 

  Next, we mixed CNovel and TEC10V30E to simulate CNovel-supported Pt catalysts. 

The content of TEC10V30E was again ~15% by weight so that the catalyst rate was 

~4.5%. In the absence of a solvent, the scattering curve (Fig. 4C) is very similar to that 

from CNovel alone (Fig. 4A), and a Guinier-like feature is observed at the same q-values. 

The particle size distribution, as determined by McSAS, was 3.46 ± 1.16 nm, which is 

greater than that determined for TEC10V30E alone (see Fig. 3A). This demonstrates that 

when the catalyst content is low, its apparent size distribution is affected by the presence 

of carbon mesopores with similar sizes. 

 Figure 4D shows the scattering curves from the CNovel-TEC10V30E mixture dispersed 

in 50% TBE. Unlike in the curve from CNovel alone, a Guinier-like feature remained 

visible, and was analyzable by McSAS. The size distribution was 2.6 ± 0.4 nm, which is 

close to the value for TEC10V30E alone. This means that by adding a solvent of the 

matching concentration, the effect of carbon mesopores was eliminated, allowing for a 

correct evaluation of catalyst particle size distribution. 
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Discussion 

 

Comparison with protein CV-SAXS 

The application of the CV-SAXS method has been established for the aqueous solutions 

of proteins. It is especially useful in determining the structure of DNA (deoxyribonucleic 

acid) in DNA-protein complexes [19]. The density of proteins can be matched by adding 

sucrose or glycerol to the solution, and depending on the kind of proteins, 50-65% sucrose 

can make the protein invisible to X-rays [19]. Because the density of DNA is higher than 

that of proteins, structural information of DNA in the complex can be extracted using CV-

SAXS. In the case of DNA-histone complexes, the matching sucrose concentration for 

histone is 50% [19]. The electron density of proteins is approximately 700 mol/L, and 

that of DNA is around 900 mol/L [24]. In general, when the square root of the scattering 

intensity is plotted against the concentration of sucrose or glycerol, it yields a straight line 

that intersects the abscissa at the matching concentration [13]. If the intensity is directly 

plotted against the concentration, it forms a parabolic curve that touches the abscissa (as 

shown by the red curve in Fig. 2). This phenomenon occurs when the solution is 

monodisperse, i.e., a single species of protein molecules are dispersed independent of 

each other. Protein solution SAXS experiments should be designed to ensure 

monodispersity. 

  In the SAXS measurements of carbon or carbon-supported catalysts, the requirement 

of monodispersity is evidently not met (polydispersity), because carbon particles of 

various shapes and sizes are irregularly agglomerated. If these particles have some 

variations in electron densities, it is expected that they will have different matching 

concentrations, making it impossible to reach a single matching concentration as a whole. 

This phenomenon was indeed observed in the present study (as shown by the blue curves 

in Figs. 2 and S1). The distribution of electron densities of carbon that explains the 

experimental data is surprisingly broad (the gray curves in Figs. 2 and S1). This 

demonstrates the substantial heterogeneity in the structure of these carbon supports. 

Nevertheless, the scattering from the carbon can be reduced to approximately 20% by 

simply immersing it in DMSO, and it can be further reduced to a few percent at around 

50% TBE when compared with the scattering in air. At this concentration, the scattering 

from carbon is virtually eliminated. 

   

Choice of contrast agent 

As mentioned earlier, the electron density of carbon samples was estimated to be around 

1100 mol/L, even higher than that of DNA. This means that the contrast agent that are 
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commonly used in biological SAXS (sucrose and glycerol) cannot be used for the present 

purposes due to their limited solubility in water. Gabel et al. [24] suggested the use of 

highly electron-rich medical contrast agents (iohexol and Gd-HPDO3A) as superior 

replacements superior for sucrose: they are approximately 2 and 3 times more electron 

rich, respectively, compared with sucrose. However, even when using Gd-HPDO3A, a 

concentration of ~3 M would be required to match the density of carbon, and again, its 

limited solubility may prevent its use for the present purposes (refer to their Fig. 1 for its 

solubility in water).  

  Unlike biological molecules, the advantage of the carbon-catalyst system is that 

organic solvents or other water-immiscible solvents can be used for contrast agents. In 

fact, carbon and catalyst samples disperse more readily in such solvents than in water. 

Although some stirring effort is required, the present study demonstrates that the 

carbon/catalyst samples can be uniformly dispersed in the TBE/DMSO mixture, and 

remain in that state long enough to allow for ordinary SAXS measurements. The highly 

electron-rich solvent, TBE (1322 mol/L) is found to be the most suitable solvent for the 

present purposes, although it is unsuitable for biological molecules. 

 

Conclusion 

In this paper, we have developed a method for applying contrast-variation SAXS (CV-

SAXS) to evaluate the particle size distribution of metal catalysts on carbon support. We 

used a mixture of TBE and DMSO as a solvent to match the density of carbon, rendering 

the carbon invisible to X-rays. Although a strict matching concentration was not achieved, 

over a wide range of TBE concentrations, the scattering of carbon was reduced to a few 

percent of that in air. By applying this method to a mesoporous carbon support (CNovel), 

we demonstrated that the effect of the mesopores can be suppressed, and the particle size 

distribution of the catalysts can be evaluated without the influence of the mesopores. 

Considering the simplicity of this method, the CV-SAXS method is expected to be widely 

employed for characterizing carbon-supported catalyst samples. 
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Figures 

 

 

 

Figure 1. Structure of microcell. Three stainless-steel (S.S.) parts and two glass windows 

were glued together. The dimensions of a finished cell were 6 mm (W) x 7 mm (H) x 2.36 

mm (D).  
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Figure 2. Dependence of the intensity of X-ray scattering from Vulcan on the 

concentration of tetrabromoethane (TBE) in the solvent. The intensity is relative to that 

in air. Blue circles, observed values of scattering intensities (mean ± S.D., n = 8~11). 

These values are normalized so that the value at 0% TBE coincides with the theoretical 

value (red curve). Red curve, theoretical values of scattering intensity when the electron 

density of carbon is 1100 mol/L. Blue curve, best-fit scattering curve when the electron 

density of the carbon has a Gaussian distribution (gray curve; 1000 ± 160 mol/L.). 
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Figure 3. Scattering curves from Vulcan and Vulcan-supported catalysts. A, Scattering 

curves from Vulcan (black) and TEC10V30E (red) in the absence of solvent. The curve 

from TEC10V30E exhibits a prominent shoulder-like feature at around q = 1.0 nm-1 

(arrow), originating from Pt particles. The two curves are normalized to coincide at the 

low-q end. The inset shows the distribution of Pt particle size, obtained by McSAS. The 

red curve represents the fit to a Gaussian function. B, Scattering curve from TEC10V30E 

dispersed in 50% TBE after subtracting the scattering from the solvent alone. The 

shoulder-like feature remains as prominent as in A, and the Pt particle size as determined 

by McSAS is not different from that in the absence of the solvent. C, Scattering from a 

mixture of TEC10V30E and Vulcan (TEC = 6% by weight) in the absence of solvent. The 

shoulder-like feature is barely recognized, and cannot be reliably analyzed by McSAS. D, 

Scattering from a mixture of TEC10V30E and Vulcan (TEC = 5% by weight) dispersed 

in 50% TBE. The shoulder-like feature is clearly observed, and is analyzable by McSAS. 
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Figure 4. Scattering curves from CNovel and its mixture with a low content of 

TEC10V30E. A, Scattering curve from CNovel MH00 in the absence of solvent. It 

exhibits a shoulder-like feature (arrow) at q-values slightly higher than those for 

TEC10V30E (see Fig. 2A), and it is analyzable by McSAS (inset). B, Scattering curve 

from CNovel MH00dispersed in 50% TBE. Note that the shoulder-like feature is no 

longer observable. C, Scattering curve from a mixture of TEC10V30E and CNovel MH00 

(TEC = 15% by weight) in the absence of solvent. The shoulder-like feature is similar to 

that of CNovel alone (A). D, Scattering curve from a mixture of TEC10V30E and CNovel 

MH00 (TEC = 15% by weight) dispersed in 50% TBE. The shoulder-like feature remains 

recognizable, but it is positioned at slightly higher q-values than in A and C.  

 

https://doi.org/10.26434/chemrxiv-2023-l5crz-v2 ORCID: https://orcid.org/0000-0002-4980-8495 Content not peer-reviewed by ChemRxiv. License: CC BY-NC 4.0

https://doi.org/10.26434/chemrxiv-2023-l5crz-v2
https://orcid.org/0000-0002-4980-8495
https://creativecommons.org/licenses/by-nc/4.0/

