
Development and application of novel fusion approaches for elemental 

analysis of carbon-based materials 

 

Dissertation by 

Filipa Simoes 

 

 

 

 

 

 

In Partial Fulfillment of the Requirements  

For the Degree of 

Doctor of Philosophy 

 

 

 

 

 

King Abdullah University of Science and Technology 

Thuwal, Kingdom of Saudi Arabia 

 

 

November, 2020 

 

 



2 
 

EXAMINATION COMMITTEE PAGE 

 

 
 

The dissertation of Filipa Simoes is approved by the examination committee. 

 

 

 

 

Committee Chairperson: Suzana Nunes 

Committee Members: Pedro da Costa, Luigi Cavallo, Martin Pumera 

 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

 



3 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

© November 2020 

Filipa Simoes 

All Rights Reserved 

 

 

 



4 
 

ABSTRACT  

Development and application of novel fusion approaches for elemental 

analysis of carbon-based materials 

Filipa Simoes 

Graphite and graphitic materials underpin a number of modern technologies such as 

electrodes for energy storage and conversion systems. Due to their aromatic honeycomb-

type lattice and layered structure, these carbons host a rich variety of foreign elements in 

their interstices. Whether possessing a tubular morphology - that enables the encapsulation 

of inorganic compounds, or a planar texture - where anions and molecules can intercalate, 

the chemical analysis of graphite and graphitic materials is often confronted with the need 

to disintegrate the carbon matrix to quantify target elements, most often metals. However, 

the resilience of the sp2-hybridized carbon lattice to chemical attacks is an obstacle to its 

facile solubilization, a necessary step to perform some of the most common elemental 

analysis measurements. Over the years, a range of alternative approaches have sprung out 

to address this issue such as the combustion of the carbon matrix followed by the acid 

dissolution of its ash product. Unfortunately, none of these represents a viable method that 

can be applied to batteries, in great part because of the different components that make up 

the carbon-based electrodes.  

In this dissertation, a new protocol has been developed to digest graphitic materials aiming 

to access their elemental composition in bulk scale. The approach is based on the use of 

molten alkaline salts to promote the oxidation of the carbon lattice and leach out metals 
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into a dilute acid solution. As a model sample, given the existence of standards with a 

matching matrix, single-walled carbon nanotubes were examined. After being subjected to 

the alkaline oxidation (a.k.a. fusion), they were solubilized and analyzed with Inductively 

Coupled Plasma-Optical Emission Spectroscopy, a widely popular tool for elemental 

analysis of metals. Structural analysis ensued to understand the interaction of the molten 

salts with the nanotubes. After evaluating the applicability of the protocol to other carbons, 

a more complex system was investigated, namely the carbon-based anode of an 

intercalation-type potassium ion battery. In this process, a direct way to quantify the mass 

of the alkali metal was discovered, one which makes use of complementary chemical and 

structural analytical tools. 
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Chapter 1 

1.1. Introduction 

The anodes of the most commonly used type of battery, the lithium ion battery, are heavily 

reliant on graphitic materials. These allow the intercalation of the alkali metal with 

relatively high density and undergo limited structural degradation upon charge/discharge 

cycling. It is therefore not surprising that the growth in demand for the source material of 

these electrodes, graphite, is predicted to increase considerably over the next decade3-4. 

Because the working principle of these systems relies heavily in electrochemistry, it is 

imperative that the exact elemental composition of the electrodes is known. In fact, the 

presence of electrochemically-active impurities may lead to erroneous capacitance 

readings or, more seriously, compromise the efficiency of the electrode5. At present, most 

manufacturers of energy storage devices rely on precursor electrode materials that are 

provided by a third party. Likewise, in laboratories around the world, teams that develop 

new battery systems are seldom making the carbons that they use, opting to procure these 

instead. However, most commercial carbon materials do not come with a certificate of 

chemical analysis. Or, if they do, the tools to analyze composition may not be entirely 

appropriate, varying highly from vendor to vendor. This state of affairs does little to offer 

confidence in the information provided. Because of this, it is critical to standardize the 

methods used to analyze the composition of bulk carbon materials. To undertake such task, 

an ideal method should be not just reliable but also fast, easy to operate and accessible to 

most labs. Furthermore, the costs should not be prohibitive to allow for routine sampling. 

Besides a standardized method, reference materials should also be available. In regards to 
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carbon materials, there is a number of such references commercialized by various 

metrology institutions such as the National Research Council Canada6.  

In the above, the aim is to routinely examine relatively large amounts of the carbons to 

ensure the mass is representative of the specimens. If, in particular, the so-called 

nanocarbons (fullerenes, nanotubes, graphene and their derivatives) are considered, the 

sampling should be (at least) in the gram scale as production batches range from tens of 

grams (in lab) to kilograms (in industry). At this level of mass, the use of highly localized 

methods such as electron microscopy-based spectroscopy (EDX, EELS) or even optical 

spectroscopy (XPS) are not appropriate. For this task, two more appropriate analytical 

methods are inductively coupled plasma (ICP) techniques and neutron activation analysis 

(NAA). Besides handling a larger mass of samples, these methods are amongst the tools 

that offer the highest reliability to identify and measure the presence of higher atomic 

number elements. In particular, transition metals commonly associated with the production 

of nanocarbons (e.g. Fe, Ni, Co…) can be quantified in a large range of concentrations, 

down to trace levels (parts per billion). Of the above, NAA is a very interesting option. 

NAA can determine up to 40 elements and it is considered a primary ratio method, i.e. a 

technique with the highest metrological properties due to its inherent potential for accuracy 

in the absence of standard materials7. Importantly, it is non-destructive. This means that 

complementary methods can be employed to extract further information from the same 

sample (for instance, to measure properties or study the lattice structure). For these reasons, 

the NAA is seen as the “Gold Standard” for the elemental characterization of carbon 

materials8. One hundred to one hundred and fifty NAA facilities exist worldwide, where 

the majority is directly affiliated within institutes of organizations governing a nuclear 
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research reactor, such as national nuclear research establishments and/or universities9. In 

this thesis, we established a collaboration with the NPI – Czech Academy of Science, 

located near Prague, Czech Republic, a world leading facility in this regard. A useful 

complement to NAA is ion beam analysis (IBA), which aggregates an array of methods 

that can be used in parallel with NAA, especially when some elements cannot be read due 

to interferences10. A brief explanation of these techniques, both used in this thesis, is given 

in the next chapter.  

One major drawback of NAA is the fact that a nuclear reactor is needed to produce the 

neutrons (in high fluence) for elemental analysis. For this reason, the use of NAA can 

hardly be considered for the routine analysis of carbon materials. Instead, its data should 

be used as a benchmark for other methods. Generally, the ICP is a result of 

nebulization/ionization of liquids and comes in aggregated (i.e. hyphenated) with other 

instruments. These ICP methods constitute a relatively low-cost analytical tool and are 

commonly found in Chemistry laboratories worldwide, academic and industrial alike. The 

analysis success of the different ICP methods is directly related with the efficacy of sample 

treatment/digestion applied. There are two main hyphenated techniques employed: optical 

emission spectroscopy (OES) and mass spectrometry (MS). Comparing both techniques, 

the ICP-MS allows for lower limits of elemental detection (Figure 1.1). More information 

and a brief explanation of ICP techniques is given in the next chapter.  
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Figure 1.1. ICP-OES (or AES) and ICP-MS detection limit guidance (to be used as a guide, not 

absolute information). These detection limits are theoretical best case scenarios assuming there are 

no spectral interferences affecting the best isotope or wavelength for a given element11.  

 

While they can be used routinely, the challenge of ICP methods, when applied to 

nanocarbons, lies in the sample preparation. The analytes for ICP require full dissolution 

of solids such as powdered nanomaterials12. Given their chemical resilience, even when 

exposed to the most stringent acid or alkaline conditions, nanocarbons are not trivial to 

fully disintegrate into a transparent liquid analyte6, 13. Graphitic materials (graphite, 

graphene, carbon nanotubes) constitute refractory samples which are extremely difficult to 

bring into solution and residual metals are often tightly entrapped or encapsulated between 

the graphene layers. Today, two approaches are used (or a combination of these): wet 
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digestion14 and dry ashing15. Furthermore, the use of assisting procedures such as 

employing microwaves to aid in the digestion has become fairly common16. Historically, 

the digestion of carbons for ICP analysis is several decades old. Early on, it was recognized 

the need to infer the degree of graphite’s purity 17, as it became more common to integrate 

it in various technologies18. Among the different sample treatment approaches used (not 

just for graphite but also for other carbonaceous materials), most were based in the 

oxidation of the carbon matrix either using liquid reagents (oxidizers) or by applying heat. 

Alternatively, the use of lasers (laser ablation)19 or electrothermal vaporization was 

developed20. Examples abound on wet digestion as there was a gradual adoption of 

assisting procedures and harsher conditions (e.g. mixing acids, changing pressure and 

temperature, using microwaves…).21 For instance, in a study by Koshino et al.17, a 

combination of acids (nitric and sulfuric acid) under a pressurized vessel at high 

temperature (250 °C) for >70 hours, provided good elemental recovery values17. The 

importance of the efficiency of the sample treatment was exemplified for synthetic 

graphite. Because these materials can present chemical impurities, seven synthetic graphite 

powders were analyzed with direct techniques (i.e. no need for sample preparation), namely 

with NAA, and with spectrometric techniques (which require solid samples digestion) such 

as ICP-MS and ICP-OES22. Overall, it was observed that the direct method showed better 

recovery results than the spectrometric techniques. A study by Schaffer et al23, used a direct 

sample method for solids, the electrothermal vaporization (coupled to the ICP system), for 

a multi-element analysis of graphite. Though the technique was simple, fast and practically 

contamination-free, the results differed significantly for some of the target elements from 

the reference values (which were measured with NAA). Thus, despite the direct method of 
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analysis being attractive (from the “less laborious work” point of view), it might not 

provide the most reliable results20, 24. This helps understanding why wet digestion remains 

one of the most used sample treatments for nanocarbons. In fact, with the demand and 

industry development, microwave systems started to be employed to assist in the digestion. 

A key reason for this was safety: concentrated acid mixes can be highly reactive, corrosive 

and oxidative, especially when used at high temperatures. For instance, Watanabe et al25, 

used a microwave system for the acid digestion of three different graphite samples. The 

elemental analysis was in good agreement (99% - 106% recoveries) with those of others 

26, and meant that no volatilization (or loss) and/or contamination of the target elements 

took place in result of employing microwaves. When compared with the classic wet 

digestion, microwave systems not only allow better safety conditions but also other 

advantages such as a rigorous control of temperature, microwave power and pressure27.  

The second popular method to prepare carbons for ICP analysis is ashing, a term that refers 

to the combustion of the carbon matrix. By comparison with acid digestion protocols, and 

in spite of the high temperatures used (>1000 °C), the combustion approach offers some 

advantages. These include, high rates of sample oxidation (leading to low residual carbon 

content) and the possibility to digest a bigger amount of sample28. Several combustion 

systems/devices can be used. These can be open systems such as the Wickbold combustion 

system and low temperature ashing, or closed systems such as the combustion bombs, the 

oxygen flask (Schöniger) and the so-called Trace-O-Mat29. Still, dry ashing and, more 

recently, the microwave-induced combustion (MIC) are the most employed. The dry ashing 

method, consisting in the oxidation of an organic sample with subsequent dissolution of 

the ash residues using diluted acids, has the disadvantage of volatile losses, as well as some 
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contamination caused by the laboratory environment (e.g. ashing crucibles). Because of 

that, it is common to use additives in order to minimize analyte losses30. The MIC method 

was originally proposed by Flores et al. in 2004 31. It was used in the digestion of organic 

samples for elemental metal determination by spectrometric and chromatographic 

techniques. Briefly, it consists of the combustion of samples in closed quartz vessels 

pressurized with O2 (generally, about 20 bar) or open systems. A solid sample is placed in 

the quartz holder over a filter paper wetted with an igniter solution32. In a study by Cruz et 

al.33, this approach was applied on three different graphite samples, showing high 

combustion efficiency and providing excellent analyte recoveries. Standard materials were 

used; however they were not graphite but coal.  

In respect to nanocarbons (graphene, carbon nanotubes, etc.) much improvement has been 

made throughout the years relative to their digestion methods for ICP-OES and ICP-MS 

analysis. A reason to employ these methods is the potential application of nanocarbons in 

a variety of technological fields34. For instance, in the energy field, they can be included in 

batteries, supercapacitors, solar cells and self-powered sensors35. The interest in 

nanocarbons originate from their intrinsic properties. However, these properties can be 

altered (or overestimated) due to the presence of elemental impurities such as transition 

metals (a result of their synthesis procedure)36. Whilst such a statement would seem 

obvious, there is an abundant number of communications in the scientific record of 

nanocarbons that overlooks this issue. Amongst the reduced number of groups that have 

been trying to alert for this matter, Pumera’s has had a very meaningful impact. His team 

has consistently shown the influence of contaminants in the response of 



25 
 

devices/applications using nanocarbons. Likewise, it has highlighted the need to use 

accurate techniques for chemical analysis, namely ICP-OES/MS37-39.  

Due to the volume of work done on graphene and carbon nanotubes, these are the types of 

nanocarbons for which there are more reports where ICP methods have been used in 

elemental analysis. For graphene, there are some studies that report the use of microwave-

assisted acid digestion6, 13. For these, the digestion was incomplete as there was a high 

residual carbon content. Subsequently, several authors have used alternative approaches 

such as MIC. Recently, in a study by Zhang et al.40, it was demonstrated that, for a sample 

mass of 30 mg, it was possible to use MIC to quantify several relevant elements (S, Fe, Cr, 

Mn and Ni). Overall, the team concluded that MIC was superior when compared with the 

other sample pre-treatments such as dry ashing coupled with acid digestion or microwave-

assisted digestion. Of note, three different certified materials were used but none was 

graphene. Hence, the results obtained by Zhang et al. are more of a control of the digestion 

method for those certified materials matrices than for graphene. In fact, this highlights a 

long-standing issue for the graphene field: the lack of certified materials. As concerns 

carbon nanotubes, possibly because its discovery dates back longer, there are more 

examples in the literature of the elemental analysis performed with ICP. In a study by Ge 

et al.41, claiming to be the first to describe a protocol for pretreatment of CNT samples, 

four sample treatments were evaluated: 1) dry ashing coupled with acid extraction, 2) wet 

digestion, 3) a combination of dry ashing and wet digestion, and 4) microwave assisted 

digestion. The aim was to chemically analyze two different types of CNTs (SWCNTs and 

MWCNTs) with ICP-MS. Back then, no certified nanotube materials were available, hence 

NAA measurements were performed for benchmarking. The authors concluded that the 
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quantitative elemental analysis of CNTs was highly dependent on the sample pretreatment 

and, among the different methods, the microwave-assisted acid digestion provided the best 

results with complete leaching of the target elements from SWCNTs. While recognizing 

its value, the excess of acid consumption combined with a long period of time needed for 

digestion, were reported as drawbacks of the method. Consequently, Ge et al. 

recommended a combination of dry ashing and acid digestion. In another study, Mortari et 

al. 42 employed dry ashing, microwave-assisted acid digestion and microwave-induced 

combustion to determine the elements La and Ni in MWCNTs by ICP-OES. Of note, NAA 

measurements and certified materials were used. Similar to other reports, the certified 

material was not nanotubes but coal. These authors concluded that MIC was the most 

suitable technique. Strangely, the La value was validated through NAA but the same was 

not done for Ni (spike experiments were used instead). On the second decade of the 21st 

century, certified materials for the chemical analysis of single-walled carbon nanotubes 

started to be produced and commercialized. The two organizations that developed these 

were the National Research Council in Canada (NRCC) and the National Institute of 

Standards and Technology (NIST). While the NRC CRM SWCNT-1 (certified reference 

material of single-wall carbon nanotubes) was produced by the arc discharge method, and 

made available in 2013 43, the NIST SRM 2483 SWCNT soot (standard reference material 

which is raw soot produced via the CoMoCAT® process), came in a little before, in 201144. 

In 2015, Grinberg et al.12 described how she used the certified SWCNT-143 to understand 

the efficacy of three sample treatments suitable for ICP-MS, namely a multi-step 

microwave-assisted acid digestion, dry ashing, and MIC. This team concluded that, in spite 

of the lengthy and multi-step protocol, the microwave-assisted acid digestion was the most 
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efficient treatment (higher recovery values were obtained, as benchmarked by NAA). Soon 

after, our group reported on the validation of a two-steps microwave-assisted acid digestion 

protocol based on two certified materials6, the CRM SWCNT-1 and the SRM 2483. A 

commercial SWCNT sample was also used. For this one, spike experiments were 

performed in order to infer the elemental recoveries behavior. The study introduced a few 

novelties such as the use of two different CNT certified materials and the reduced number 

of digestion steps (other microwave-assisted studies were multi-step). Overall, clear liquids 

were obtained for the three SWCNT samples (meaning a low RCC and a highly efficient 

digestion) which enabled excellent elemental recoveries for a number of elements41, 43. In 

2017, Lim et al.45 tested microwave acid digestion and microwave oxygen combustion for 

the determination of metallic impurities by ICP-MS in three different certified carbon 

materials, namely the SRM 1632d (coal), the SRM 2483 and the CRM SWCNT-1. The 

elemental recoveries varied from 85% to 105% for the CNT standards, although a 

considerable RCC was seen on the SRM 2483 sample. These studies are not an exhaustive 

list but provide an overview of how acid digestion and ashing was used for CNT. Still, 

other methods have also been explored. For instance, electro-thermal vaporization coupled 

with ICP-OES and ICP-MS systems, as well laser-ablation (LA-ICP-MS)20 and slurry 

nebulization24 are all methodologies that require minimal sample treatment (often being 

considered as a more direct method of analysis) that were reported46 23, 47 48.  

In the present thesis, the predominant nanocarbon material used to develop and validate 

the novel sample pretreatment method described was SWCNTs. This was due to the 

existence of several certified materials, as opposed to graphene (or any other nanocarbon, 

for that matter). Although they are both graphitic nanocarbons, graphene and carbon 
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nanotubes are morphologically very different. The first consists of a flat, single 

honeycomb-like sheet of carbon atoms while nanotubes are rolled-up versions of the same 

sheet. In both cases, more than one layer can be stacked. For graphene, one refers to few- 

or multi- layered sheets, whereas for nanotubes these are named single- or multi- walled. 

In the production of these materials, it is common to use catalysts to crack the carbon 

sources, often hydrocarbon gases or powdered graphite, and direct the lattice construction. 

The three most common production methods of nanotubes are the chemical vapor 

deposition (CVD), the arc discharge (AC), and the laser ablation (LA)49-53. All of these 

require the presence of transition metals that act as catalysts for the SWCNT synthesis. 

Appropriate analysis of the obtained powders should be done which is often not the case. 

A study by Braun and Pantano54 stated the importance of an extensive analysis of SWCNT 

materials. These authors found a discrepancy on the values provided by the certificate of 

analysis for the two commercial SWCNTs they investigated. In those, TGA and XPS 

techniques had been used by the manufacturers. However, the elemental concentrations 

obtained by the authors, namely by ICP-MS and CHNS analyses, showed that those values 

were not correct. In other words, it is essential to use adequate, sensitive and bulk-

appropriate analytical techniques. In addition, the analysis should be validated by the use 

of certified materials.  

In the above, it has been described how elemental analysis of nanocarbons has evolved and 

some of the drawbacks that are still present. In particular for higher sample mass and 

routine work, the development of alternative digestion methods is needed. As a result of 

previous work done in our group, we considered exploring this issue further. One 

interesting methodology that was previously reported for the sample preparation of 
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refractory materials is fusion, also known as alkaline oxidation or molten salts oxidation. 

First, a molten or fused salt refers to a salt that is normally a solid at standard temperature 

and pressure (STP). On the other hand, a salt that is in a liquid state at STP is usually called 

a room temperature ionic liquid. Still, molten salts are sometimes seen as a class of ionic 

liquids (ILs)55. There are several parameters to consider when choosing a salt (or flux) for 

alkaline oxidation, being the melting temperature one of the most important ones. Actually, 

it is desirable to get this temperature as low as possible, while still maintaining thermal 

stability at high temperatures. One way to lower the melting point is to combine multiple 

salts, forming a salt of eutectic composition. These eutectic compositions can have a much 

lower melting temperature than the individual salt components, and are characterized by a 

single melting point. In Figure 1.2, the phase diagram for Li2O–B2O3 is represented. 

 

 

Figure 1.2. Phase diagram of Li2O–B2O3 56 
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Molten (or fused) salts have a variety of uses and different applications 57. Their thermal 

stability and generally low vapor pressure are well adapted to high-temperature chemistry, 

for instance, providing a medium where faster reaction rates can be obtained. This means 

that they make ideal solvents for electrometallurgy, metal coating, and energy conversion, 

to name a few industrial processes. As per example, it is known that one of the most 

important chemicals produced in the world, sulfuric acid, is made by a molten salt 

catalysis58. On the energy field, electrode materials for energy storage devices can be 

successfully prepared by fused salt electrolysis: carbon nanoparticles with very large 

specific surface area, relevant for efficient supercapacitors, can be obtained in fused alkali 

carbonates59. Also, high-temperature molten salts can be used for high-capacity batteries60.  

From the above, molten salt applications are well diversified. Of note, they have been 

abundantly explored for decades for their efficiency to digest inorganic materials such as 

oxides, nitrides and carbides, via alkaline oxidation61. In fact, fusion-based digestion is a 

versatile and well established procedure in the geological sciences62. The main compounds 

used as medium for this are borate salts (LiBO2, Li2B4O7, K2B4O7…), nitrates (NaNO3, 

KNO3…)63, carbonates (Na2CO3, K2CO3…)13, 64 as well as hydroxides (NaOH, KOH…)65 

or their eutectic mixtures. The use of high temperatures (600–1200 °C) to heat and dissolve 

samples in a solvent (or flux) leads to sample decomposition. This process relies on 

chemical and thermal energy to break up the original mineral phases (in geology) and 

convert them into different solid forms which are more readily dissolved by acids or water. 

Hence, the greater efficiency of decomposition by fusion than by acid digestion is mainly 

due to the high temperatures used since these cannot be reached with acid (whose boiling 

points are well below the lower limit of the melts temperature range).14 Whilst better than 
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wet digestion, fusion is not without risks. The use of high temperatures poses a safety issue 

as it is necessary to handle the vessels (crucibles) that contain the sample and alkali salt. 

Recently, the automation of fusion has addressed these concerns, by eliminating the need 

to manually add and remove crucibles from the furnace66. Other things to be aware of in 

alkali fusion pertain to experimental conditions. Normally, a high flux-to-sample ratio is 

necessary to ensure complete decomposition of the sample. This introduces variables such 

as high blank levels, total dissolved solids (TDS) content, and matrix effects. To reduce 

the TDS and the matrix effect, the final sample should be diluted by large amounts of acids, 

which consequently increases the detection limit for trace element analysis. Further to this, 

some elements cannot be analyzed with fusion methods due to volatilization (e.g. Pb, Sb, 

Sn, Zn, and Cs) or compositional overlaps with the salts (e.g. Li and B from lithium borate 

fluxes). Also, in particular cases, there may be generation of polyatomic species (e.g. in 

fluxes of LiBO2/Li2B4O7)66. Alkali fusion is thus traditionally used for the analysis of 

metallic elements67.  

Borate salts, namely alkaline borates, are possibly the most commonly used fluxes in these 

molten processes (often called as borate fusions). Borates are derived from boric acid and 

the popular salts are based on the meta- and tetra-borate formulations. Depending on the 

material to be analyzed, one or another can be used. Eutectic mixtures are also possible. 

The analysis of ceramics and geological samples with these salts is well-established as 

borate fluxes will rapidly dissolve most silicates, carbonates, sulphates and oxides into an 

aqueous medium66. Historically, the borate fusion was first developed as a sample 

preparation method for XRF spectroscopy and communicated by Claisse68. The salt used, 

sodium tetraborate, is commonly referred to as borax. Due to the poor purity of the salt - a 
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crucial point when considering fusion blanks, further research activities had to be done 

with other salts, namely lithium borates. In fact, Rose et al.69, Hooper et al.70 and Wang et 

al.71 explored lithium tetraborate (Li2B4O7) fusions, while Haukka et al.72 and Thomas et 

al. 73 applied lithium metaborate (LiBO2) on geological samples. To note that a careful 

choice must be made when opting for one or another (tetra versus meta) since they have 

slightly different properties. Furthermore, the chemical differences between these affect 

the digestion procedure66. Lithium tetraborate (Figures 1a and 1b), one of the first fluxes 

used in the borate fusions, has a melting point of 917 ⁰ C. It is considered as a light acidic 

flux, offering relatively high viscosity - therefore with minimal crystallization, and it is 

compatible with alkaline geological samples such as CaO, MgO, K2O and Na2O.  

 

Figure 1.3 - a) Lithium tetraborate (linear structure); b) Lithium tetraborate in a different 

orientation.  

 

In respect to lithium metaborate (Figure 1.4), it has a lower melting point, 849 ⁰ C, and it 

is highly preferable for ICP-based techniques due to its lower viscosity (and so higher 
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tendency to crystallize). It is then considered as an alkaline flux, being ideal to dissolve 

acidic samples such as Al2O3, SiO2, P2O5, as well sulphates. With the advent of inductively 

coupled plasma spectrometry (ICP-OES and ICP-MS), lithium borate fusions started to be 

heavily employed. In addition, the melts were poured directly into dilute acid (or water) to 

rapidly fragment and dissolve the quenched glass74. In fact, borate fusions started to be 

used for AAS and ICP techniques from the late 80’s onwards75. Since then, it is being 

applied to the most diverse type of samples.76-85 Due to the high variety and increased 

complexity of samples/analytes, commercial vendors started producing mixtures of lithium 

tetraborate and metaborate in different proportions. 

 

                                                  Figure 1.4 – Lithium metaborate unit. 

 

According to Claisse 86-87, the solubility of oxides in lithium borate fluxes has to do with 

its acidity or basicity. Interestingly, the definition of the acidity of an oxide for fusion 

processes is based on Smith’s work, 63, 88 and it is expressed as the number of oxygen atoms 

in the oxide divided by the number of atoms89. It is then concluded that all oxides with an 

acidity index greater than one are specified as acidic. Hence, taking the acidity index (AI) 

for P2O5, the same will be calculated dividing 5 by 2. The AI value of 2.5 makes it acidic. 

For lithium tetraborate, the AI will be 1.17 and it is thus slightly acidic. For lithium 
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metaborate, the corresponding value is 1.0, which classifies it as an alkaline oxide. Finally, 

Claisse prescribes that an acidic oxide should be dissolved using the more alkaline of the 

fluxes. In case there will be any oxide with an acidity index between 1.25 and 2, a lithium 

tetraborate-metaborate mixture is advised90.  

 

1.2 Thesis Structure, Objectives and Contributions 

In the previous section, it was seen that lithium borate fusions are well-employed for ICP-

based techniques as a means of sample digestion, particularly in the geology field. It is 

logical that the focus has been in dissolving metal oxides and extracting the metal elements 

from these, as these inorganic compounds are the most common components of minerals. 

In addition, the mass of samples considered has always been large, given the abundance of 

the material of interest (mineral ores). For nanomaterials, the mass available is several 

orders of magnitude lower. Possibly, this is the main reason why, up until this work (and 

as far as we know) fusion had never been applied (and validated) for carbon nanostructures. 

As mentioned, these nanomaterials are challenging to dissolve for ICP analysis.  

In this thesis, which relates to the field of Analytical Chemistry, the present introductory 

chapter (Chapter 1) is followed by another where the characterization techniques used are 

described (Chapter 2). As for the experimental work, this is divided in four chapters. 

Chapter 3 explores the application of a lithium borate fusion to a certified carbon nanotube, 

effectively representing the first step in developing fusion as a pre-treatment methods for 

ICP-OES analysis of nanocarbons. After validating fusion for a nanotube matrix, Chapter  

4, delves on extending the nature of the alkaline salt by replacing the lithium for a sodium-
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based flux and applying to nanotubes produced with different catalyst systems. Next, on 

Chapter 5, the borate fusion was tested in other carbon materials, as it was needed to 

understand the effect of texture (point, axial or planar). Finally, Chapter 6 represents an 

effort to apply the borate fusion to a real-life issue: the lack of routine elemental analysis 

methods to chemically characterize carbon-based battery electrodes. The thesis is 

concluded in Chapter 7, where an overall discussion of the entire work is made and an 

outlook is offered.  

In summary, the contribution of this thesis to the scientific record has been unfolding over 

the last few years with the following objectives in mind (Figure 3): 

 To validate borate fusion as a sample treatment for ICP-OES with a material of 

well-known chemical composition, i.e. a certified carbon nanotube sample. 

 To apply the borate fusion to commercial carbon nanotubes, validating the method 

by benchmarking with NAA values, and simultaneously, to study the interference 

of the cation on the borate salt. 

 To expand the borate fusion to different carbon materials, namely some allotropes 

that are relevant in the fabrication of batteries and have varied textures. 

 To apply the borate fusion in the direct detection and quantification of intercalated 

alkali metals (in the case, potassium) in a custom-made electrode carbon material. 
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Figure 1.5. Representative diagram of the chapter of the dissertation and respective contents.  
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CHAPTER 2 

 Characterization techniques 

2.1 Neutron Activation Analysis 

In 1936, George de Hevesy and Hilde Levi used for first time nuclear reactions after 

irradiation with neutrons for elemental analysis. The idea of George de Hevesy was very 

simple: he used the correlation between the stable initial nuclides and the produced amount 

of radioactive nuclides in order to obtain qualitative and quantitative analysis of the 

chemical elements which belong to the initial products9.  

The basic principle of NAA is the sequence of events occurring during the most common 

type of nuclear reaction used for NAA, namely the neutron capture or (n, gamma) reaction, 

is illustrated in Figure 2.1. 

Figure 2.1 Nuclear reaction basic mechanism91.   

When a neutron interacts with the target nucleus via a non-elastic collision, a compound 

nucleus forms in an excited state. The excitation energy of the compound nucleus is due to 

the binding energy of the neutron with the nucleus. The compound nucleus will almost 

instantaneously de-excite into a more stable configuration through emission of one or more 
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characteristic prompt gamma rays. In many cases, this new configuration yields a 

radioactive nucleus which also de-excites (or decays) by emission of one or more 

characteristic delayed gamma rays, but at a much slower rate according to the unique half-

life of the radioactive nucleus (INAA) Depending upon the particular radioactive species, 

half-lives can range from fractions of a second to several years92.  

Briefly, the INAA technique is characterized by the following steps: 

1. Activation via irradiation with reactor neutrons,  

2. Measurement of the gamma-radiation (after one or more decay times) 

3. Interpretation of the resulting gamma-ray spectra in terms of radionuclides, 

associated elements and their mass fractions. 

In a practice, before irradiation, the first step is the preparation of the samples, (e.g. drying) 

and weighing of test portions of sample and comparators (calibrator with a known 

concentration of the element(s) of interest), with posterior encapsulation of the test portions 

- in plastic foil, plastic capsules or quartz ampoules. Then the activation via simultaneous 

irradiation of test portions and comparators with neutrons and sequential measurements of 

the induced radioactivities in each test portion and comparator by gamma-ray 

spectrometry. Finally, the last step consists in the interpretation of the gamma-ray spectra 

towards elements and their masses7.  

The reactor used in this study, a LVR-15 (Figure 2.2), is in operation since 1995. It is a 

light water tank-type research reactor placed in a stainless steel vessel under a shielding 

cover. It has forced cooling, IRT-4M fuel and an operational power level of 10 MW. 

Reactor operations run in campaigns. Usually the campaign lasts for 3 weeks, followed by 
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an outage lasting for 10-14 days for maintenance and fuel reloading. The campaigns might 

involve short or long irradiation experiments. 

 

Figure 2.2. LVR-15 Nuclear Reactor. 

 

For short irradiation experiments, the irradiation time lasts for 1 min at thermal, epithermal, 

and fast neutron fluence rates of 3.2×10¹³ cm-2 s-1, 1.1×10¹³ cm-2 s-1, and 1.1×10¹³ cm-2 s-1, 

respectively, with the aid of a pneumatic facility with a transport time of 3.5 s. For long 

time irradiation, (2 h), the samples and calibrators were packed to form a column that was 

inserted into an aluminum irradiation can. Iron monitors were inserted between each set of 

5–6 samples and/or calibrators to determine the axial neutron flux gradient. Irradiation was 

performed in the above mentioned experimental reactor with thermal, epithermal, and fast 
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neutron fluence rates of 2.6×10¹³ cm-2 s-1, 3.9×10¹² cm-2 s-1, and 2.9×10¹² cm-2 s-1, 

respectively10.  

The reactor technical specifications are represented on the Table 1: 

Table 1. Technical parameters of the LVR-15 Reactor 

Diameter 2300 mm 

Height 5760 mm 

Wall thickness 15 mm 

Bottom thickness 20 mm 

Water volume in the vessel 22 m3 

Weight (without water) 7900 kg 

 

2.2. Ion Beam Analysis 

Ion Beam techniques are based on a probing ion beam striking a target that yields a variety 

of signals. These include nuclear reaction products, such as PIGE (Particle-induced 

Gamma Ray Emission) and products consequent to the relaxation of the target in response 

to the energy deposition in it,  including atomic effects (photons – Particle-Induced X-Ray 

Emission, PIXE), topography effects (electrons – SEM), and lattice effects (secondary ions 

– SIMS). (Figure 2.3) 93 
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Figure 2.3. Tandetron MC 4130 Accelerator 

Among the different IBA techniques, PIXE and PIGE are the most popular. In particular, 

while PIXE is based upon the ejection of inner-shell electrons from target atoms by the 

energetic incident particle impact, and the spectroscopy of the subsequently emitted x-rays 

during the electronic de excitations. PIGE, instead, uses characteristic (p, γ) reactions to 

detect light elements in a similar way to PIXE. In this case a Ge-detector is used to precisely 

measure the energy of the emitted γ-rays. PIGE is complimentary to PIXE because it is 

more sensitive for lighter elements - with atomic numbers less than 14. PIXE on the other 

hand is largely blind to elements below Na because the X-rays are too low energy to be 

detected using a Si detector94. The differences can be seen in Figure 2.4. 
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Figure 2.4. Illustration of the IBA variation techniques 91 

 

2.3. Inductively coupled plasma - optical emission spectroscopy  

The first published report on the use of an atmospheric pressure inductively coupled plasma 

(ICP) for elemental analysis via optical emission spectrometry (OES) was in 1964. In the 

conclusions, Greenfield mentioned the advantages of plasma emission sources over flames, 

ac sparks and dc arcs as the higher degree of stability of the plasma source, as well the 

simplicity of operating the plasma source when compared with the conventional arc and 

spark methods, especially in solution and liquid analysis95.  

ICP is an argon plasma maintained by the interaction of an RF field and ionized argon gas. 

The plasma can reach temperatures as high as 10,000 ˚K, allowing the complete 

atomization of the elements in a sample and minimizing potential chemical interferences.  

In this sense, the ICP-OES is nothing more than the measurement of the light emitted by 

the elements in a sample introduced into an ICP source.  There are two ways of viewing the 
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light emitted from an ICP, radially - resulting in the highest upper linear ranges. While 

axially, the continuum background from the ICP itself is reduced and the sample path is 

maximized. Comparing both views, axial viewing provides better detection limits than 

those obtained via radial viewing. The development of dual-view ICP OES instruments 

that combine axial- and radial-view configurations, allowed the optimization of plasma 

conditions according to matrix and analyte concentrations. Although, since conventional 

dual-view instruments do not operate simultaneously but in sequence, slower analyses will 

take place. To overcome these limitations, a new instrumental arrangement has been 

proposed and recently became commercially available. It is based on a dichroic spectral 

combiner96, which selects and combines electromagnetic radiation from both axial and 

radial views, allowing the determination of both major and trace elements simultaneously 

(Figure 2.5) 

Finally, the optical system used for ICP-OES consists of a spectrometer that is used to 

separate the individual wavelengths of light and focus the desired wavelengths onto the 

detector. In today’s modern ICP-OES systems, solid-state detectors based on charge-

coupled devices (CCD) are used, providing very flexible systems and eliminating the need 

for large numbers of single photomultiplier detectors. Then, the measured emission 

intensities are then compared to the intensities of standards of known concentration to 

obtain the elemental concentrations in the unknown sample. 
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Figure 2.5. Schematic diagram of the synchronous vertical dual-view configuration. Emitted 

radiation from axial and radial plasma views synchronously converge onto the dichroic spectral 

combiner and are transmitted to the spectrometer 97.  

 

In order to understand the ICP-OES analysis process, the instrument set up is represented 

on the Figure 2.6. Basically, if a sample is liquid, no need for sample treatment, otherwise, 

depending on the sample matrix, several digestion methods – mentioned in the introduction 

section, can be applied. Afterwards, the sample is conducted to the instrument by a 

peristaltic pump, though a nebulizer into a spray chamber. The produced aerosol is lead 

into an argon plasma. Plasma is the fourth state of matter, next to the solid, liquid and 

gaseous state. In the ICP-OES the plasma is generated at the end of a quartz torch by a 

cooled induction coil through which a high frequency alternate current flows. As a 

consequence, an alternate magnetic field is induced which accelerated electrons into a 
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circular trajectory. Due to collision between the argon atom and the electrons ionization 

occurs, giving rise to a stable plasma. The plasma is extremely hot, 6000-7000 K. In the 

induction zone it can even reach 10000 ˚K. In the torch desolvation, atomization and 

ionizations of the sample takes place. Due to the thermic energy taken up by the electrons, 

they reach a higher "excited" state. When the electrons drop back to ground level, energy 

is liberated as light (photons). Each element has an own characteristic emission spectrum 

that is measured with a spectrometer. The light intensity on the wavelength is measured 

and, with the calibration, calculated into a concentration. 

 

 

Figure 2.6. ICP-OES Instrumentation202. 
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2.4. Nuclear Magnetic Resonance Spectroscopy 

Since a nucleus is a charged particle in motion, it will develop a magnetic field.  

 

 

 

 

Figure 2.7 Energy Levels for a Nucleus with Spin Quantum Number 98 

In the absence of a magnetic field, nuclei are randomly oriented but when an external field 

(B0), is applied, two spin states line up to the applied field.  The magnetic moment of the 

nuclei (µ) of the lower energy +1/2 state is aligned with the external field, but that of the 

higher energy -1/2 spin state is opposed to the external field (Figure 2.7) 99.The absorption 

of energy during this transition forms the basis of the NMR method.  

The NMR instrumentation (Figure 2.8) can be of two types; continuous wave and Fourier 

transform. Nowadays, Fourier transform (FT) instruments are the most common. In FT-

NMR, all frequencies in a spectral width are irradiated simultaneously with a radio 

frequency pulse. 
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Figure 2.8. Schematic presentation of a typical nuclear magnetic resonance spectrometer showing 

the relationship of various components (magnet, magnetic field, and detector). 

 

A single oscillator (transmitter) is used to generate a pulse of electromagnetic radiation of 

frequency ωο but with the pulse truncated after only a limited number of cycles 

(corresponding to a pulse duration τ), this pulse has simultaneous rectangular and 

sinusoidal characteristics. Following the pulse, the nuclei magnetic moments find 

themselves in a non-equilibrium condition having preceded away from their alignment with 

they applied magnetic field. They begin a process called “relaxation”, by which they return 

to thermal equilibrium. A time domain emission signal (called a free induction decay 

(FID)) is then recorded by the instrument as the nuclei magnetic moments relax back to 

equilibrium with the applied magnetic field. A frequency domain spectrum that is 

commonly known is then obtained by Fourier transformation of the FID. 
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The NMR signal shift and line shape are determined by the internal interactions, e.g., 

chemical, Knight, and Fermi contact shifts, as well as dipolar and quadrupole coupling98, 

100. Magic-angle spinning (MAS) is a technique often used to perform experiments in solid-

state NMR spectroscopy. In any condensed phase, a nuclear spin experiences a great 

number of interactions. The main interactions often lead to very broad and featureless lines. 

However, these interactions in solids can be averaged by MAS. By spinning the sample at 

the magic angle θm (ca. 54.74°) with respect to the direction of the magnetic field, the 

normally broad lines become narrower, increasing the resolution for better identification 

and analysis of the spectrum. Basically, a powdered sample is tightly packed into a sample 

holder named rotor, - with special design and made of mechanically resistant materials 

such as silicon nitride, zirconia, or sapphire. The rotor is oriented at a fixed angle with 

respect to the direction of the external magnetic field, and the spins around its symmetry 

axis. The spinning rate depend on the rotor size and on the type of material to be 

analyzed101-102. This technique was employed in this dissertation for several nuclei: 13C, 

11B, 7Li, 23NA, 39K, 31P and 19F. Although, 1D NMR was not enough to provide evident 

data and high resolution, a two-dimensional technique such as, Multiple Quantum Magic 

Angle Spinning (MQMAS) was employed for some specific nuclei. In fact, this technique 

allowed to overcome the limitations of 1D NMR MAS, since this one was not able to 

remove all the second order effects originated by quadrupolar couplings. This effect was 

even more critical when characterizations of complex materials such as glasses were 

involved103. Therefore, MQMAS technique has become widely used for resolving 

crystalline sites and mapping out the distributions between chemical shift and quadrupolar 

broadening in disordered samples. 104 The most prominent nuclei that are amenable to this 
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technique include 11B (S = 3/2), 17O (S = 5/2), 23Na (S = 3/2), and 27Al (S = 5/2)105. In 

conclusion, MQMAS strength is to be able to resolve quadrupolar sites at lower fields106. 

In this dissertation, 2D MQMAS experiments were performed on 11B, 7Li, and 23NA. 

 

2.5. X-Ray diffraction 

X-ray diffraction (XRD) is a sensitive and nondestructive technique to characterize 

crystalline materials. The information can be relative on the structure, phases, preferred 

crystal orientations (texture), and other structural parameters, such as average grain size, 

crystallinity, strain, and crystal defects. The X-ray diffraction peaks are produced by 

constructive interference of a monochromatic beam of X-rays that are scattered at specific 

angles from each set of lattice planes in a sample. The peak intensities are then determined 

by the distribution of atoms within the lattice. In this way, the X-ray diffraction pattern is 

the fingerprint of periodic atomic arrangements in a given material. In this dissertation, 

XRD was used to observe the crystalline and amorphous phases of the alkaline salts before 

and after the melting processes.107 

2.6. Raman spectroscopy  

The Raman spectroscopy is based on the Raman effect, that consists in the interaction of 

the light with the chemical bonds present in a certain sample. Due to the vibrations in the 

chemical bonds the interaction with photons will cause specific energy shifts in the back 

scattered light that appear in a Raman spectrum. In a typical Raman experiment, a laser is 

used to irradiate the sample with monochromatic radiation. Laser sources are available for 

excitation in the UV, visible, and near-IR spectral region (for example 785 and 1064 



50 
 

nm)108. In this dissertation, Raman spectroscopy was used in the several carbon materials 

to infer about its structural quality and evaluate the density of defects after melting 

processes. 

2.7. Scanning Electron Microscopy, Transmission Electron Microscopy and Energy-

Dispersive X-Ray Analysis 

Electron Microscopy allowed the research community to look at nanoscale of the most 

various materials. There are different types of microscopes but the most common are 

scanning (SEM) and transmission (TEM) systems. While SEM sweeps the electron beam 

across the sample and record the electrons that bounce back, in TEM, the electrons pass 

through (or are transmitted) through a thin sample towards a detector, located below. Both 

SEM and TEM are complementary techniques, in the way that provide different 

information; While SEM is more to look into the morphology of the sample (surface 

based), TEM is more a high resolution technique, allowing to evaluate the structure and 

tiny details as such as individual atoms. No obstant that with SEM and TEM, a lot of 

information can be obtained, also chemical analysis can be performed through Energy-

Dispersive X-Ray spectroscopy (EDS). This technique uses the characteristic spectrum of 

the X-Rays that is emitted by a sample, following the initial excitation by the electron-

beam. Although, because it is a local based technique (spatial resolution is determined by 

the probe size), it cannot be considered for a proper qualitative/ quantitative analysis of the 

material. 

 

2.8. Electrochemical techniques 
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It is well known that the electrochemistry’s field is huge and there are several 

electrochemical techniques. Regarding the performance of carbon materials, or to study the 

electrochemical behavior of a battery, for instance, there are different approaches. Cyclic 

voltammetry (CV), is one of the most common techniques; by sweeping the potential with 

time and recording the current versus the potential, it is possible to infer about a certain 

system behavior, - thermo and kinetically. The other technique, more faced towards the 

batteries field, is galvanostatic cycling with potential limitation (GCPL), in which a certain 

and constant current is applied till certain potential is reached, while the potential is being 

recorded as a function of charge that will pass through the system109.  
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CHAPTER 3 

Validation of alkaline oxidation as a pre-treatment method for elemental 

quantification in single-walled carbon nanotubes  

Simoes, Filipa RF, et al. Analytical Methods, 2019, 11, 1884-1890. 

 

3.1 Introduction 

The field of carbon science and engineering has seen a “golden era” for the past three 

decades. However, translating all the laboratory activity into technological developments 

and consumer goods remains a challenge110. While this can be understood from a 

technological life-cycle perspective, key issues such as the lack of appropriate quality 

control standards and protocols can considerably delay the pace of progress for the large-

scale deployment of products based on materials such as carbon nanotubes (CNTs) and 

graphene52, 111. In fact, CNTs are a good example of how difficult it is to control the 

production parameters, which can result in non-homogenous structural metrics, 

morphology, purity and physical properties at batch scales52. Presently, the most 

disseminated method to produce CNTs is chemical vapor deposition (CVD)49, 112. This is 

understandable given the decade long tradition and accumulated know-how derived from 

growing analogous carbon (nano)fibers via CVD113. Relying heavily on transition-metal 

catalysts, CVD by-products include metallic nanoparticles encapsulated in carbon shells. 

These are notoriously difficult to eliminate and may affect the physical properties of the 

sample13, 114. Even though ‘‘purified’’ CNTs are available commercially, it is sometimes 

challenging to find trustworthy information regarding the content of metals and/or the lot-

to-lot compositional homogeneity54, 115-117. While this may not constitute a critical issue in 
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applications such as mechanical reinforcement of polymers, in other cases such as 

electrocatalysis, it can lead to erroneous data interpretation8.  

Historically, two of the most reliable routine tools to quantify metal elements in CNTs are 

optical emission spectroscopy (OES) and mass spectrometry (MS)12, 42, 54. These are 

commonly associated with inductively coupled plasma (ICP) burners. Prior to the ICP-

OES/MS analysis, the carbon material needs to be disintegrated and dispersed in a liquid 

(a.k.a., sample pre-treatment). Fragmenting the sturdy honeycomb-type lattice of graphitic 

materials effectively constitutes the critical step in the application of these analytical tools 

for CNTs and other nanocarbons. Dry ashing (i.e., the combustion of carbon) and wet 

digestion (through the use of strongly oxidizing liquid reagents, e.g., concentrated nitric 

acid), or eventually a combination of both, are the most common methods to disintegrate 

CNTs16, 41.  

In this chapter, a borate fusion will be applied to a certified carbon material, specifically a 

single wall carbon nanotube, SWCNT-1, in order to evaluate its effectiveness to 

simultaneously dissolve the material and extract the metal elements from the tubular 

honeycomb lattice. The use of a certified material is critical since its chemical composition 

is well-defined and uniform – acting therefore as a calibration/validation sample. 

3.2 Experimental Section 

3.2.1 Reagents and Solutions 

The CRM designated SWCNT-1 was procured from the NRC (the certificate of 

composition is available43). The alkaline salt or flux used was a high-purity mixture 

containing 66 wt% of lithium tetraborate (Li2B4O7) and 34 wt% of lithium metaborate 
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(LiBO2) (X-ray Flux Type 66:34, XRF Chemicals Pty Ltd, Australia; as per vendor: Co < 

1 ppm, Ni < 1 ppm, Mo below detection limit). A releasing agent was employed, consisting 

of a mixture of 30 wt% ammonium iodide (NH4I) and 70 wt% starch (NH4I tablets, XRF 

Chemicals Pty Ltd, Australia). Pt/Au crucibles and molds (95/5 wt%, Malvern Panalytical, 

United Kingdom) were used to hold the powder samples during the fusion process and after 

melting, respectively. To dissolve the fused materials, a 10 % nitric acid (HNO3) solution 

was prepared from 70 % HNO3 (ultrapure grade for trace metal analysis, Aristar Ultra, 

BDH, Canada) using deionized water (produced with a Milli-Q system from Millipore, 

UK, and with a resistivity of 18 MΩ cm). Standard stock solutions of single elements from 

Inorganic Ventures, USA, were used for Co (3 v/v% HNO3), Ni (2 v/v% HNO3) and Mo 

(in H2O/tr.NH4OH). 

3.2.2. Fusion Procedure 

The Pt crucibles and molds were thoroughly washed with a diluted acid solution for one 

hour and then cleaned with 70% (v/v) ethanol (96% vol, AnalaR NORMAPUR®, VWR 

International Ltd, United Kingdom). The fusion blank (control sample) was prepared by 

weighing 100 mg of the flux. In parallel, the SWCNT-1 mixture was prepared by weighing 

10 mg of the CRM and 100 mg of the flux (1 : 10 ratio) in a Pt crucible and then thoroughly 

mixing these with a vortex. The two crucibles were taken to the Claisse Eagon2 machine 

(Malvern Panalytical), which was operated under the optimized parameters listed in Table 

2.1. Upon cooling, two fused beads (blank and SWCNT-1 mixture) were obtained. Each 

of these was dissolved in 20 mL of a 10% HNO3 solution and heated for 20 minutes at 130 

°C (this temperature is slightly above the boiling point of HNO3 and is used to assist in the 
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dissolution of the glass-beads). Finally, the resulting transparent solutions were transferred 

to 50 mL vials and ICP-OES analysis was carried out. 

Table 3.1. Parameters of the fusion experiment as used in the Claisse Eagon 2. 

 

3.2.3 ICP-OES Analysis 

For the ICP-OES analysis, a Varian 720-ES spectrometer bearing a dual detector assembly 

and covering a wavelength window between 165 nm and 782 nm was employed. The ICP-

OES parameters are shown in Table 3.2. 

Table 3.2. Operating parameters for ICP-OES
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The ICP-OES calibration was carried out with single-element solutions of Co, Ni and Mo at 

concentrations of 1, 5 and 10 mg L−1. All were derived from the respective 1000 ppm single-

element standards. A quality control sample (10 mg L−1) and continuing calibration verification 

(5 mg L−1) solutions were also prepared in order to check the instrument performance and ensure 

that its precision was not degrading over the period of the analysis. 

3.2.4 General characterization 

SWCNT-1 was characterized as-received and after the fusion treatment. For the characterization 

with transmission electron microscopy (TEM), Raman spectroscopy and solid-state nuclear 

magnetic resonance (SS-NMR), the glass-like fused material had to be shattered first with a 

manual press and subsequently, it was ground into a fine powder with an agate pestle and 

mortar. 

Transmission electron microscopy (TEM) imaging was generally performed on an FEI 

TECNAI G2 Spirit TWIN microscope at 120 kV. Further imaging and energy dispersive X-ray 

spectroscopy (EDS) were carried out in FEI Titan SuperTWIN operated at 300 kV and 

incorporating an EDAX octane silicon drift detector. To prepare the TEM sample, 1 mg of the 

as-received SWCNT-1 (or the grinded SWCNT-1 mixture bead) was dispersed in ethanol and 

drop-casted onto a Holey carbon metal grid (Au or Cu) and then dried in a vacuum oven at 70 

°C. 

The Raman analysis was done in a WITec Alpha 300RA system with a 532 nm laser and a 

UHT300 spectrometer. The powdered samples (i.e., the as-received flux and the SWCNT-1) 

were placed in a silicon wafer and flat-pressed, while the fusion beads were ground with an 
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agate pestle and mortar until they became powder and transferred to the wafer. The OriginPro 

software was used to plot and process the Raman spectra. 

The SS-NMR studies were performed on a Bruker 400 MHz AVANACIII spectrometer 

equipped with a 4 mm BBO magic angle spinning (MAS) probe (BrukerBioSpin, Germany). 

To spin a conductive material such as CNTs, the as-received SWCNT-1 was mixed and finely 

ground with KBr, then packed evenly into a 4 mm zirconia rotor and finally sealed at the open 

end with a Vespel cap. The 13C NMR spectra were all recorded under the same instrumental 

parameters and conditions at 12 kHz spinning rate and using one pulse program with 30 degrees 

flipping angle with a recycle delay time of 10 s. In addition to C, Li and B were probed with 

SS-NMR. The 7Li and 11B spectra were obtained with 14 kHz spinning rate using 90° one pulse 

program with recycle delays of 2 s and 3 s, respectively. The Bruker Topspin 3.2 software 

(Bruker BioSpin, Germany) was used to collect and process the raw data. The OriginPro 

software was used to plot the figures. The CHN analysis was performed in a Thermo Scientific 

Flash 2000 Organic Elemental Analyzer, where combustion occurred for 7 s under an oxygen 

flow of 300 mL min−1 and a constant He flow of 140 mL min−1. 

3.3. Results and Discussion 

Two transition metal catalysts, namely, Co and Ni were used to produce SWCNT-1, while a 

Mo stub supported the pressed laser-ablation targets43 . As mentioned above, the identification 

of carbon-encapsulated catalyst particles is a common occurrence in as-produced CNTs by 

CVD. Similar by-products were also found in the synthesis of single-walled carbon nanotubes 

(SWCNTs) by laser ablation43. The TEM micrographs in Figure. 3.1a and b show that the as-

received SWCNT-1 primarily consists of SWCNT bundles, agglomerates of amorphous carbon 

https://pubs.rsc.org/en/content/articlelanding/2019/ay/c8ay02213e#fig1
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and catalyst nanoparticles. The presence of a graphitic coating on the latter was confirmed with 

high-resolution TEM (not shown). The diameters of the nanotubes and particles were 1.2 (±0.1) 

nm and between 3 and 25 nm, respectively. The localized elemental survey performed with 

EDS confirmed the presence of Fe, Co, Ni and Mo (Figure. 3.1c). As disclosed by NRC, these 

are elements with certified mass fractions. 

 

Figure 3.1 (a and b) TEM micrographs of the as-received SWCNT-1, where the white arrow points to a 

single nanotube, while the red arrow marks a catalyst particle; (c) EDS of the sample in (a); (d and e) 

TEM micrographs of a typical aggregate found in the fusion residues of the SWCNT-1 mixture; (f) EDS 

of (d). Please note that the Si and Cu peaks in the spectra of (c) and (f) originate from the sample grid. 

When the fusion procedure was used, the powder samples (flux and SWCNT-1 mixture) 

transformed into glass-like beads. Another visible effect was the color change. While the bead 

of the flux itself (blank) was transparent, that of the SWCNT-1 mixture exhibited a dark-blue 

https://pubs.rsc.org/en/content/articlelanding/2019/ay/c8ay02213e#fig1
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hue. (Figure 3.2). This color may originate from the formation of transition metal oxides: 

tetrahedral Co2+ complexes are a known ceramic colorant (e.g., cobalt blue)118. After crushing 

the SWCNT-1 mixture beads and reducing them to a powder, it was possible to identify and 

characterize minute amounts of ash. When imaged with TEM, both SWCNTs and catalyst 

nanoparticles were conspicuously absent, but sub-micron aggregates with no crystalline order 

were often observed (Figure 3.1d and e). The EDS elemental survey performed on these 

aggregates could not identify the presence of C, Fe, Co, Ni or Mo. However, B and O were very 

prominent, certainly originating from the borate salt mixture (Figure 3.1f). The absence of a C 

peak was explained by the localized nature of the EDS analysis and the much larger mass of 

fused flux present after the oxidation of carbon (the sample flux exhibited a 1 : 10 mass ratio of 

carbon-to-salt). In fact, this was evident when elemental (CHN) analysis was used to quantify 

the content of carbon in the as-received SWCNT-1 and respective fusion residues. Initially, C 

represented 90 wt% of the sample, a value that agrees well with the thermogravimetric data 

presented in the NRC certificate43. The same analysis when performed in the residues provided 

values of <1 wt%, thereby confirming the almost complete combustion of various carbonaceous 

species. To provide a more reliable overview of the flux and SWCNT-1 mixture in both their 

pre- and post-fusion states, less-localized means of characterization than TEM were employed. 

 

 

https://pubs.rsc.org/en/content/articlelanding/2019/ay/c8ay02213e#fig1
https://pubs.rsc.org/en/content/articlelanding/2019/ay/c8ay02213e#fig1
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Figure 3.2 Optical images of the fusion bead that originated from the SWCNT-1/salt mixture, a) front 

and b) back perspectives of the bead. 

In particular, possible structural changes induced by the fusion process were evaluated with 

Raman spectroscopy and SS-NMR. The Raman analysis of the flux showed some variations in 

the pre- and post-fusion states (Figure 3.3). These were in good agreement with previously 

reported results90 and reflected the crystalline-to-amorphous structural changes that the salt 

undergoes with melting. As for SWCNT-1, the spectrum of the as-received SWCNT-1 showed 

intense peaks with maxima at 178 cm−1, 1582 cm−1 and 2650 cm−1 (Figure 3.4.a); these 

correspond to the characteristic normal modes of vibration for SWCNTs, i.e., the radial 

breathing mode (RBM), the tangential mode (G-band) and the second order harmonic of the D-

mode (2D-band). Despite slight variation in the laser energy used when compared with that of 

the NRC certificate (532 nm versus 514 nm), the spectral agreement was clear43.  

 

 

 

https://pubs.rsc.org/en/content/articlelanding/2019/ay/c8ay02213e#fig2
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Figure 3.3 Raman spectra of the lithium salt (a mixture of meta and tetraborate) before (black line) and 

after (red line) the fusion procedure. 

 

Figure 3.4 Raman spectra of (a) as-received SWCNT-1 and (b) fusion residues of the SWCNT-1/salt 

mixture 

Following the fusion process, the Raman analysis of the SWCNT-1 mixture residues showed 

significantly changed spectra (Figure 3.4b and Figure 3.5). First, and in contrast to the localized 

TEM and EDS probing, it was possible to identify the presence of solid carbon. Second, despite 

the higher noise level justified by the much smaller content of carbon present, RBM was absent 
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but both the D- (1348 cm−1) and the G- (1585 cm−1) bands were visible. The D-band, which was 

practically absent in the spectrum of the as-received SWCNT-1 and commonly associated with 

sp3-type carbons,119-120 is very prominent in all post-fusion spectra. While the spectrum 

in Figure 3.4.b can be interpreted as the fingerprint of a glass-like carbon material, the variability 

of the spectral signatures in the different locations probed (Figure 3.5) implies that different 

types of carbon nanotextures co-exist in the residues. Still, it is clear that the radial symmetry of 

the carbon nanotubes was eliminated. 

 

 

Figure 3.5 Raman spectra, taken at four different locations, of the post-fusion SWCNT-1/salt grinded 

sample (R stands for residues). The intensity relation and separation of the D- and G-bands changes, 

highlighting the presence of different types of carbonaceous fragments in the sample. 

https://pubs.rsc.org/en/content/articlelanding/2019/ay/c8ay02213e#fig2
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Following the Raman analysis, SS-NMR was performed using different nuclei: 7Li, 11B 

and 13C. As seen in Figure 3.6,  the flux (alkaline salt) undergoes a rearrangement of the 

BO3 units, a phenomenon expected at high temperatures. 

As for the SWCNT-1 mixture, the 13C SS-MAS NMR analysis is shown in Figure 3.7a and b. 

In both spectra, the same single peak is present albeit with slightly changed chemical shifts: at 

121.6 ppm for the as-received SWCNT-1 (pre-fusion) and at 112.5 ppm for the SWCNT-1 

mixture residues (post-fusion). This peak can be assigned to the C C bond characteristic of the 

SWCNT lattice.  

 

Figure 3.6 11B SS-NMR spectra of the blank salt mixture in as-made (black line) and fused (red line) 

states. With the fusion process, broadening of the two peaks (at 11 ppm and 16.5 ppm) occurs, indicating 

a temperature-driven “rearrangement” of the BO3 species. 

The position of the peak in the spectrum of the as-received SWCNT-1 is consistent with the 

reported chemical shift of semiconducting SWCNTs,121 the additional down-field shoulder 

attributed to metallic 13C resonance. As for the SWCNT-1 mixture residues, there is a noticeable 

https://pubs.rsc.org/en/content/articlelanding/2019/ay/c8ay02213e#fig3
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broadening of the equivalent peak. This observation can be explained by the overlap of chemical 

shift anisotropy as the post-fusion sample is expectedly composed of a much more fragmented 

and disordered collection of carbon particles. Furthermore, the up-field shift indicates the 

presence of a less electrically conductive sample. Altogether, the SS-NMR analysis concurs 

with the Raman spectroscopy analysis by proposing the presence of different types of carbon 

textures in the residues. 

 

Figure  3.7 (a) 13C SS-NMR spectrum for the as-received SWCNT-1 (the smaller peaks at ∼25 and ∼225 

ppm are spinning side-bands), (b) 13C SS-NMR spectrum for the SWCNT-1 mixture residues, (c) 11B 

SS-NMR spectra for the fused salt (black line) and the SWCNT-1 mixture residues (red line), (d) 7Li SS-

NMR spectra for the fused salt (black line) and the SWCNT-1 mixture residues (red line). 
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In order to investigate the interaction between the alkaline salt (mainly composed of boron and 

lithium) and the carbon nanotubes, SS-NMR analysis was carried out using the nuclei 11B 

and 7Li. After comparing the 11B spectrum of the fused flux (Figure 3.7c, black line) with the 

corresponding one from the SWCNT-1 mixture (Figure 3.7c, red line), it is evident that the 

profiles are identical. According to the literature,122-123 it can be inferred that the two resonances 

obtained with chemical shifts of 3 ppm and 15 ppm are due to BO4
− and BO3 species. This 

indicates that the salt is inert, there are no chemical bonds with carbon, and boron is not doping 

the carbon lattice. In the case of the 7Li spectra (Figure 3.7d), only one chemical environment 

was identified at 3 ppm. Moreover, the fused spectra were identical for the flux and SWCNT-1 

mixture, providing further evidence of the chemical inertness of the salt and the absence of 

intercalation as well as carbides, carbonates or other carbon-containing species. 

After the fusion procedure and subsequent dilution of fused fluxes (blanks) and respective 

SWCNT-1 mixtures, ICP-OES was used to quantify the three transition metals known to be 

present in higher concentrations in SWCNT-1: Co, Ni and Mo. The results are summarized 

in Figure 3.8,  alongside the corresponding NRC-certified concentrations. Six replicas were 

studied, which yielded average concentrations (in mg L−1) and standard deviations of 13 116 ± 

316 for Co, 11 972 ± 460 for Ni, and 6253 ± 171 for Mo; these values correspond to average 

recoveries of 82%, 83% and 86% and are within the acceptable range when working with a 

CRM124.  

 

https://pubs.rsc.org/en/content/articlelanding/2019/ay/c8ay02213e#fig3
https://pubs.rsc.org/en/content/articlelanding/2019/ay/c8ay02213e#fig3
https://pubs.rsc.org/en/content/articlelanding/2019/ay/c8ay02213e#fig3
https://pubs.rsc.org/en/content/articlelanding/2019/ay/c8ay02213e#fig4
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Figure 3.8 Concentrations of the most abundant transition metals in SWCNT-1, following a fusion pre-

treatment step and measured by ICP-OES (N = 6). 

3.4.Conclusions 

Alkaline oxidation was successfully validated as an alternative approach to wet digestion and 

ashing to prepare SWCNT materials for ICP-OES analysis. The post-fusion residues of 

SWCNT-1 were analyzed using TEM and Raman and NMR spectroscopies, confirming the 

structural disintegration of the nanotubes. The concentration levels determined for the transition 

metals Co, Ni and Mo agreed well with the certified mass fractions provided in the SWCNT-1 

certificate of analysis, indicating recovery levels more than 80%. With further optimization and 

attending to variables such as flux composition and fusion dwell times, it should be possible to 

progress to higher recoveries. Finally, we believe that this approach can be used for other 

nanocarbons as these have also been successfully digested through alkaline oxidation8. If 

appropriate levels of recovery are confirmed for these materials, then, the present work will 

have paved the way for a safer, less time consuming and more universal ICP-OES sample 

preparation approach for carbon materials. 

https://pubs.rsc.org/en/content/articlelanding/2019/ay/c8ay02213e#cit8
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CHAPTER 4 

 

The elemental analysis and multi-nuclear NMR study of an alkali molten salt used 

to digest standard and commercial SWCNT powders  

Simoes, Filipa RF, et al. J. Anal. At. Spectrom., 2020, 35, 2758–2769 
 

4.1 Introduction 

Carbon nanotubes (CNT) have been extensively studied since 1991125. Today, these 

nanofibers are part of the industrial landscape and have reached a higher stage of 

technological development, explaining their year-on-year production output increase126.  

Classically, there are three main approaches to produce CNT, namely arc discharge, laser 

ablation and chemical vapor deposition (CVD)51. Not surprisingly, given the decades-old 

know-how of growing micron-sized carbon fibers, catalytic CVD has become the preferred 

industrial method to supply nanotubes127. For the particular case of single-walled carbon 

nanotubes (SWCNT), a variety of transition metals are commonly used in the CVD process 

as different combinations of these enable characteristics such as tailored length and 

chirality128. Key growth catalysts are Fe, Co and Ni129 but other elements (e.g. Mg, Al, Cr, 

Mn, Cu and Mo) may be added to promote the feedstock’s decomposition, generally an 

hydrocarbon gas such as methane or ethylene50, 130-132,53. Post-growth, eliminating these 

non-carbon elements is not entirely trivial13. Furthermore, their presence can disrupt the 

performance of SWCNT such as in electrochemical 133 and biomedical 134 applications.  

In view of the above, the quantification of non-carbon growth by-products is a critical step 

in validating the properties and assessing the responses of nanotubes used in the research, 

industrial and consumer arenas. Moreover, overlooking proper quantitative analysis of 
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SWCNT will not only interfere with the lab-scale study conclusions for next-generation 

technologies but may also result in unforeseen side effects in the environment and public 

health when these get translated to mass-scale commercial products. In fact, much of the 

toxicity attributed to carbon nanotubes in the literature could well be related to metallic 

impurities due to poor protocols of elemental quantification of the as-received powders135-

137.  

In the previous chapter, the borate fusion was successfully validated with chemically 

certified SWCNT-1. This procedure provided clear solutions as well as satisfactory 

recoveries. For the flux, a lithium compound was used. Since in the fusion processes, a 

critical variable is the selection of the alkaline salt (or flux), it is advisable to investigate 

alternative melt mediums. In this second chapter, sodium tetraborate is employed. 

Moreover, four different SWCNT are explored, these being divided in two categories: 

certified and commercial samples. These samples also refer to different growth catalyst 

systems. The effect of the reaction temperature in the recovery of several transition metals 

are examined along with possible interactions (structural and chemical) of the sodium salt 

with the carbon species. 

4.2. Experimental Section 

4.2.2. Materials, reagents and solutions 

Two lots of commercial SWCNT procured from Sigma-Aldrich (named here as: SWCNT-

7867V, with ≥95% as carbon content, lot MKBW7867V, and SWCNT-5848V, with >70% 

as carbon content, lot MKBW5848V) and two SWCNT standards (the SWCNT-1, from 

the National Research Council Canada and the SRM2483, from the National Institute of 
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Standards and Technology) were analyzed. For the flux, sodium tetraborate (hereafter, 

NaT) was used (Na2B4O7, CAS 1330-43-4, Sigma-Aldrich). As reaction vessels, Pt/Au 

crucibles (95/5 wt%, Malvern PANanalytical) were employed during the fusion procedure. 

For the ICP-OES measurements, the melts were poured into a 10% nitric acid (HNO3) 

solution, prepared from 70% HNO3 (CAS-7697-37-2, lot 1118092, Aristar Plus, BDH, 

Canada) and deionized water (resistivity = 18 MΩ.cm, produced with a Milli–Q system 

from Millipore, UK).  

Standard stock solutions of single elements (PerkinElmer, US) were used to calibrate the 

ICP-OES instrument, namely 2% (v/v) solutions of: Cr (CAS 7440-47-3, lot 15-65Cr), Mn 

(CAS 7439-96-5, lot 15-91Mn), Fe (CAS 7439-89-6, lot 15-185Fe), Co (CAS 7440-48-4, 

lot 16-76Co) and Ni (CAS 7440-02-0, lot 15-121Ni). In addition, a Mo standard on a matrix 

of H20/tr NH4OH (lot D2-MO02036, Inorganic Ventures) was employed. 

4.2.3. Alkaline oxidation 

The crucibles were thoroughly washed with a diluted acid solution and then cleaned with 

70% (v/v) ethanol. The fusion sample was prepared by adding 25 mg of the SWCNT 

powder to 250 mg of the NaT flux (i.e., in a 1:10 ratio) and carefully mixing these, inside 

the Pt crucible, with the assistance of a vortex. Then, the vessel was taken to the furnace 

(Claisse LeNeo, Malvern PANalytical) where the melting process was performed at a target 

temperature (850 oC or 1050 oC) and with a dwell period of four minutes. Afterwards, for 

the chemical analysis, the crucible was tilted and the melt dropped into a polypropylene 

beaker filled with a 10% HNO3 solution. Stirring took place until the total dissolution of 

the melt (less than five minutes). Note that, for each SWCNT powder, three different 
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aliquots/melts were prepared (N = 3). Differently, for the structural analysis, the melts were 

allowed to solidify in the crucible and collected as glass-like beads. These were then 

carefully broken and grinded, with an agate pestle and a mortar, until a fine powder was 

obtained. The fusion blank (control) was prepared by weighing 250 mg of the NaT flux 

that were subjected to the same melting/collection procedures.  

4.2.4. Elemental analysis 

The instrumental neutron activation analysis (NAA) measurements were performed as 

described previously10. Briefly, 30 mg portions of the carbon nanotubes were heat-sealed 

into irradiation capsules made from two polyethylene discs with 25 mm diameter and 0.15 

mm thickness. The NAA procedures developed and routinely employed at the National 

Physics Institute laboratory were used with minor modifications. Quantification was 

carried out by the comparator method. Irradiations were performed in the experimental 

reactor LVR-15 of the Research Centre Rez, in Czech Republic. 

For the ICP-OES measurements, an Agilent 5110 instrument, bearing a synchronous 

vertical dual view configuration and a wavelength window between 167 nm and 785 nm, 

was employed. The instrumental parameters used are listed elsewhere.138 To calibrate the 

equipment, single-element solutions (with different concentrations) of Cr, Mn, Fe, Co, Ni 

and Mo were used. All were derived from the respective 1000 ppm single-element 

standards. In order to check the instrument performance and ensure that its precision was 

not degrading over the period of the analysis, a quality control sample (1 ppm) and 

solutions for continuing calibration verification (5 ppm) were prepared. All recovery levels 
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are given in percentages relative to the elemental concentration values measured from 

NAA. 

4.2.5. Structural characterization 

For the 1D 13C magic angle spinning (MAS) nuclear magnetic resonance (NMR) analysis, 

a known amount of sample was placed inside zirconia rotors. The spectrum was acquired 

on a Bruker AVANCE III, operating at resonance frequencies of 100 MHz and using a 

conventional double resonance 4 mm cross polarization magic angle spinning (CPMAS) 

probe. The spinning frequency was set to 10-15 kHz. NMR chemical shifts are reported 

with respect to an external reference, tetramethylsilane (TMS). The spectra were recorded 

via a spin echo pulse sequence (pulse length 3.4 μs) with four-phase alternation 

synchronized with the spinning rate for the MAS experiments (to delete all background 

signals from the probe). The inter-scan delay was set to 15 s, to allow complete relaxation, 

and 5,000-30,000 scans were performed. An apodization function (exponential) 

corresponding to a line broadening of 80 Hz was applied prior to the Fourier 

transformation. The 1D 11B (I = 3/2) MAS NMR experiments were recorded on a 21.1 T 

Bruker AVANCE III spectrometer (vL(11B) = 288.826 MHz) with a double resonance 3.2 

mm MAS probe and a MAS frequency of 20 kHz with a short pulse (π/12 with a pulse 

width of 1 𝜇s and repetition time of 2 s). 11B multiple quantum MAS (MQMAS) 

experiments were carried out using the three pulse MQMAS sequence with a z-filter and a 

spinning frequency of 20 kHz. The excitation and conversion pulse lengths were 5.7 𝜇s 

and 1.9 𝜇s, respectively, and the read pulse length was 20 𝜇s. The t1 increment was 50 𝜇s 

to ensure rotor synchronized data acquisition. Chemical shifts are referenced to an external 

sample of 1M boric acid solution. The 1D 23Na (I = 3/2) MAS NMR experiments were 
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recorded on a 21.1 T Bruker AVANCE III spectrometer (vL(23Na) = 230.869 MHz) with 

a double resonance 3.2 mm MAS probe and a MAS frequency of 18 or 20 kHz. 23Na 

MQMAS experiments were carried out using the three-pulse sequence with a z-filter and a 

spinning frequency of 20 kHz. The excitation and conversion pulse lengths were 5.7 𝜇s 

and 1.9 𝜇s, respectively, and the read pulse length was 20 𝜇s. The t1 increment was 50 𝜇s 

to ensure rotor synchronized data acquisition. 

Raman spectroscopy was carried out to assess the diameter distribution and structure of the 

four as-received nanotube samples. A WITeC 300RA system fitted a 532 nm laser and a 

UHT300 spectrometer was used.  

To complement the NMR and Raman structural analyses, localized imaging of the SWCNT 

was performed with a FEI TECNAI G2 Spirit TWIN transmission electron microscope 

(TEM), operated at 120 kV. To prepare the sample for TEM, a few drops of nanotubes 

suspended in ethanol were poured onto Au (or Cu) Holey carbon grids and dried, in a 

vacuum oven, at 70 °C. 

4.3. Results  

Subsequent to the fusion and dissolution steps, the elemental analysis of the two sets of 

SWCNT (standards and commercial samples) was performed with ICP-OES. Under 

normal pressure and temperature conditions, NaT melts at 741 oC. Accordingly, to shed 

light on the effect of the alkaline oxidation temperature on elemental recovery, two reaction 

temperatures were considered: 850 oC and 1050 oC.  

4.3.1. Standard materials  
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Two chemically certified SWCNT were used as reference samples. Of these, the SWCNT-

1 was previously employed to validate the fusion method with a lithium borate flux138. This 

Canadian standard differs significantly from the SRM2483 (NIST), not just in composition 

and certified elements but also on the structure and allotrope homogeneity of the carbon 

powder43. In fact, the latter is labelled as “soot”.  

4.3.1.1. Elemental analysis 

In the following, we focused on those certified elements that are most relevant for the 

Carbon community, namely the transition metals that have a known catalytic activity 

towards the growth of nanotubes. Hence, six elements were considered (Cr, Mn, Fe, Co, 

Ni and Mo) for the SWCNT-1 while only two are listed for the SRM2483 (Co and Mo). 

As concerns the SWCNT-1, we previously analyzed it resorting to microwave-assisted acid 

digestion as the pre-treatment step6. The recoveries and respective standard deviations were 

quite satisfactory for the six elements mentioned, further attesting the efficiency of wet-

digestion for elemental analysis by ICP-OES. In the present work, the SWCNT-1 beads 

exhibited a dark blue color after the fusion process. The same hue was seen when a lithium 

flux was used as the reaction medium and attributed to the presence of Co2+ species138. 

Upon pouring the melt into the beaker containing the diluted acid, a colorless and 

transparent solution was obtained. The bar charts in Figures 4.1a and 4.1b summarize the 

recoveries of the six transition metal elements studied. Generally, there were only minor 

differences in the average values obtained at 850 oC and 1050 oC. The exception was Cr. 

However, given the large standard deviation in its 1050 oC readings, the variation in 

recovery value is questionable. In fact, the higher temperature process seems to increase 
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the uncertainty of measurements for the SWCNT-1. It is possible that the additional 200 

oC altered the evaporation rate of the elements and, by doing so, led to competing 

physicochemical processes that weakened the retention of transitions metals in the flux. It 

is interesting to compare these results to those obtained using a lithium salt flux138. In that 

study, a melting temperature of 1075 oC was used, hence close to the current 1050 oC, but 

the exposure time of the SWCNT-1 was four times longer (17 min). Still, the average 

recovery values obtained for Co, Ni and Mo were also within the interval of 80-90%. 

Overall, it appears that short exposure times can be used without compromising the 

recovery levels in nanotube powders. 

Regarding the SRM2483, we previously quantified it using wet-digestion with the recovery 

levels for Co and Mo being well above 80%6.  After exposure to the NaT melts, its glass 

beads also showed a dark blue color. However, and contrarily to the SWCNT-1, there was 

a pronounced temperature effect in the average recovery values. As shown in Figures 4.1c 

and 4.1d, increasing the flux temperature resulted in a 20 % decline of elemental recovery. 

We attribute this to faster evaporation rates and/or elemental heterogeneity. In fact, the 

certificate of analysis of the SRM2483 refers that there is some degree of heterogeneity in 

the powdered soot (for the two elements considered, Co and Mo) 60.  
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Figure 4.1 Elemental recovery of catalytically-active transition metals in two SWCNT reference 

materials, with the averages and standard deviations extracted from N = 3. a, b) calculated 

percentages for the SWCNT-1, fused at 850 oC and 1050 oC, respectively; c, d) SRM2483, fused 

at 850 oC and 1050 oC, respectively. 

From the above, it seems that a higher fusion temperature (i.e. several hundred degrees 

above the melting point of the flux) leads to a recovery decay. As mentioned, one possible 

reason is faster evaporation rates. In the molten salt, the transition metals are most likely 

ionized, forming metal oxides upon condensation. Logically, this charged state would 

considerably decrease the element’s vapor pressure when compared to the metallic atomic 

state. Still, given the limited number of aliquots (and heterogeneity of the SRM2483), 

additional experiments will be required to consolidate this hypothesis.  
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4.1.1.2. Structural analysis 

In our previous study, 138 the structure of the SWCNT-1 (and the lithium flux) was 

examined, before and after the fusion procedure. Additionally, we used solid-state NMR 

spectroscopy (1D MAS of 13C, 11B and 7Li) to evaluate the interaction of the borate salt 

with the carbon material. Briefly, it was possible to infer the presence of nanotube 

fragments in the condensed flux and confirm the absence of carbides and doping (whether 

by intercalation or substitution). Here, we performed a similar analysis and extended the 

11B and 23Na NMR spectral acquisition to 2D.  

In Figure 4.2a, the 11B 1D MAS spectra of sodium tetraborate is shown for the as-received 

(in red) and post-fusion states, at 850 ⁰ C (in grey) and 1050 ⁰ C (in black). Initially, two 

resonances are present in the NaT salt. These relate to the tetrahedral units of BO4 (or B4) 

and the trigonal units of BO3 (or B3)139. The corresponding 11B MQMAS (Figure 4.2b) 

shows that the B4 resonance has a double symmetric site with two different orientations. 

As for the B3, it is more diffuse. Its resonance points to a diversity of chemical 

environments originating from the anisotropic shift contribution. Accordingly, four 

components may be attributed: two to the symmetric trigonal sites (containing either three 

bridging or non-bridging oxygen atoms) and two to the asymmetric trigonal sites (with one 

or two bridging oxygen atoms)133. After the fusion procedure, the salt’s resonances in the 

11B 1D MAS high temperature spectra became broader (Figure 4.2a) which is 

understandable given the glassy nature of the samples. In Figures 4.2c and 4.2d, the 11B 

MQMAS spectra of the 850 ⁰ C and the 1050 ⁰ C experiments, respectively, showed some 

variations between them. For the B3 sites, besides the anisotropic shift in some of the four 

resonance components (by 1 to 2 ppm), the isotropic distribution was changed. These are 
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due to the rearrangement of boron coordination and the existence of multiple B3 sites. As 

for the B4 resonance, the post-fusion flux contained a single symmetric site.  

Concerning the SWCNT-1, its post-fusion 11B MQMAS spectra are given in Figures 4.2e 

(850 ⁰ C) and 4.2f (1050 oC). For the first, when compared to the analogous spectrum of 

the blank flux (Figure 3.2c), there was an isotropic shift and just a single site for both the 

B3 and B4 regions. Additionally, broadening of the B4 resonance took place. At the highest 

fusion temperature, both resonances became more diffuse. The 2D profiles indicate that 

the chemical environment for the B3 units is dominated by the symmetric coordination. 

The B4 lobes, on the other hand, are indicative of lower ordering of these units in relation 

to the blank flux.  
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Figure 4.2 11B solid state NMR of the sodium flux and the SWCNT-1. a) 1D MAS spectra of the 

NaT in the as-received state (red), after melting at 850 ⁰ C (grey) and 1050 ⁰ C (black); b) 2D 

MQMAS spectrum of the as-received NaT; c, d) 2D MQMAS of the NaT after melting at 850 ⁰ C 

and 1050 ⁰ C, respectively; e, f) 2D MQMAS of the fused mix containing the SWCNT-1 sample, 

at 850 ⁰ C and 1050 ⁰ C, respectively. 
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A similar study was performed for the SRM2483 (Figure 4.3). The 11B MQMAS spectra 

showed patterns that bear correspondence with those of the SWCNT-1. The main 

difference was the B3 resonance component at lower ppm as this showed a more defined 

peak in both temperatures.  

 

 

Figure 4.3 11B MAS NMR of SRM 2483 at a) 850⁰ C and b) 1050 ⁰ C. 

 

Following the above, an analogous NMR study was carried out for the salt’s alkali cation. 

Ideally, the 23Na spectra of the sodium tetraborate should show two chemical environments 

for the cation (Na1 and Na2 sites).140 Figure 4.4a shows the 1D MAS spectra of NaT in its 

as-received (20 ⁰ C, in red) and post-fusion states, at 850 ⁰ C (in grey) and 1050 ⁰ C (in 

black). The spectrum of the initial state included a range of sharp peaks with a chemical 

shift that coincided with a broader and overlapping band. 
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In the corresponding 23Na MQMAS (Figure 4.4b), four peaks could be resolved, interpreted 

as four crystallographically distinct Na+ environments in the asymmetric Na2B407 unit cell. 

The presence of additional and less-resolved peaks is explained by the highly hygroscopic 

nature of the salt.  
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Figure 4.4 23Na solid state NMR of the sodium flux and the SWCNT-1. a) 1D MAS spectra of the 

NaT in the as-received state (red), after melting at 850 ⁰ C (grey) and 1050 ⁰ C (black); b) 2D 

MQMAS spectrum of the as-received NaT; c, d) 2D MQMAS of the NaT after melting at 850 ⁰ C 

and 1050 ⁰ C, respectively; e, f) 2D MQMAS of the fused mix containing the SWCNT-1 sample, 

at 850 ⁰ C and 1050 ⁰ C, respectively. 

Accordingly, as water molecules penetrate through the crystalline network, the chemical 

environment and mobility of the cation are altered due to its progressive solvation. Post-

fusion, the 1D spectra (Figure 4.4a) can be read as just one broad peak (tough, at 1050 oC, 

two small protrusions are observed). The lack of spectral definition is attributed to the 

glassy state of the flux, a result of the quenching process which impairs the ordered 

formation of sodium sites. In Figures 4.4c and 4.4d, the 2D spectra (at 850 ⁰ C and 1050 

⁰ C, respectively) are shown. Despite being less resolved than the ones from the as-

received salt, it is possible to distinguish two peaks, particularly in the higher temperature 

spectrum. While the anisotropic shift did not change, a noticeable variation occurred in the 

isotropic part. The two peaks at negative ppm (one of which was the Na1 site, at -12 ppm) 

either disappeared or lost all definition. On the other hand, the profile shows two peaks on 

the Na2 site. The shorter isotropic ppm interval of the signals could arise from the glassy-

state. In fact, the disappearance of long-range order would compromise the cation mobility 

in the structure. Besides this, water molecules should have been entirely eliminated. 

Consequently, the missing Na1 sites (or the resonance at -30 ppm) would originate from 

sodium surrounded by water. 

In respect to the 23Na MQMAS of SWCNT-1, the post-fusion spectra (Figures 4.4e and 

4.4f) show a set of resolved peaks (more so at the higher temperature), the profiles and 



82 
 

chemical shifts of which are similar to those in the 2D spectrum of the flux (at 1050 oC). 

Essentially, the only difference is the intensity reduction of the baseline-like bump seen in 

the fused blank 2D spectra (cf. Figures 4.4c and 4.4d).  

For the 23Na MQMAS of the fused SRM2483 sample (Figure 4.5), the 850 ⁰ C spectrum 

is similar to the previous ones. Conversely, the higher temperature spectral profile is 

entirely stripped of noticeable peaks and only a featureless bump remains. It is possible 

that the higher fusion temperature and extensive oxidation of the carbon lattice destroyed 

the short-to-medium range order of the borate units that accommodated the Na2 sites. 

 

Figure 4.5 23Na MAS NMR of SRM 2483 at a) 850⁰ C and b) 1050 ⁰ C. 

 

To complete the structural analysis by NMR, 13C 1D MAS spectra were acquired for the 

two standards in the as-received and post-fusion states (Figure 4.6). Note that an 

insufficient amount of carbon residues in the flux beads (after the melting procedure) 

precluded the 13C 2D studies. In the initial state (20 oC), both nanotube samples showed a 
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single resonance with the same chemical shift (125 ppm). The peak can be assigned 

straightforwardly to the sp2-hybridised carbon atoms that make up the nanotube’s lattice.141 

Contrastingly, after the fusion, there was a visible difference in the spectral response of the 

standards.  

In relation to the SWCNT-1 (Figure 4.6a), the chemical shift and shape of the peak were 

mostly maintained at the lower melting temperature. However, at 1050 ⁰ C, two 

overlapping resonances were observed. The sharp peak at 145 ppm is still within the region 

where the sp2-C are expected. The 20 ppm shift is reasoned by the presence of graphitized 

debris and their interaction with electronegative elements (e.g. oxygen from the borate 

units). At 75 ppm, the less intense and broader peak corresponds to the carbon fragments 

richer in sp3-C. In our previous study,138 the SWCNT-1 was also subjected to alkaline 

oxidation but a different flux was used. The post-fusion 13C NMR analysis identified a ~10 

ppm upfield shift and broadening of the sp2-C resonance. In comparison, the present 

changes are more pronounced and imply that the NaT melt results in a higher degree of 

structural degradation of the nanotubes (despite the shorter exposure time and similar 

fusion temperature). Further experiments will be required to confirm and understand this 

observation.    

As for the SRM2483 (Figure 4.6b), the initial sp2-C peak was shifted to 110 ppm and 

became significantly broader at 850 oC. When the melt temperature was raised further, the 

resulting spectrum showed weaker spectral features. Still, two overlapping resonances 

could be identified. The first was the sp2-C peak that remained centered at about 110 ppm. 

The second was a diffuse band that ranged from 90 to 25 ppm and had an intensity spike 
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at 35 ppm. This falls in the known interval of sp3-C resonances. The more dispersed 

spectral signature of the SRM2483 implies that a faster and more extensive degradation 

took place, when compared to the SWCNT-1. This is understandable given the lower 

structural purity of the NIST standard142.  

 

Figure 4.6 13C solid state 1D MAS NMR of the two standards. a) The SWCNT-1 in the as-received 

state (bottom spectrum) and after melting (top spectra), at 850 ⁰ C and 1050 ⁰ C; b) the SRM2483, 

in the as-received (bottom spectrum) and after melting (top spectra), at 850 ⁰ C and 1050 ⁰ C. 

 

The above multi-nuclei NMR analysis provided some interesting results. To start with, the 

SRM2483 undergoes oxidative structural degradation of the carbon lattice at lower 

temperatures and gets more digested than the SWCNT-1. Also, the resilience of the sp2-C 

is remarkable and suggests that some sections of the well-structured nanotubes (or, more 
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likely, sections of these) resist to the alkaline oxidation, in particular when bundled 

together. This chemical sturdiness justifies the constancy of the 23Na spectra for the 

SWCNT-1 as opposed to the SRM2483 which, at 1050 oC, loses spectral definition. From 

this, the higher concentration of sp3-C would contribute to disrupt the formation of regular 

sodium sites in the glassy borate salt. Hence, the carbon lattice degradation bears a more 

extensive effect on the alkali metal sites than on the borate units in the fused salt. Finally, 

there was no evidence of the presence of carbonates, carbides or doping. 

4.3.2 Commercial materials  

The two commercial samples, SWCNT-7867V and SWCNT-5848V, were selected after a 

preliminary screening of several nanotube materials. Besides the degree of carbon content 

(chemical purity), differences in their elemental composition (transition metals) were taken 

into consideration.  

4.3.2.1 Elemental analysis 

In the following, the six elements measured above (Cr, Mn, Fe, Co, Ni and Mo) were again 

object of investigation. Contrarily to the pair of standard samples, the concentration of 

these catalytic transition metals was unknown. Since there was no certificate of analysis 

for the commercial SWCNT, benchmark concentrations were measured with NAA, a 

primary metrological tool7,143. While the analysis of the SWCNT-7867V was previously 

reported,10 that of SWCNT-5848V is shown in Table 4.1. 
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Table 4.1 NAA values obtained for SWCNT-5848V. 

 

 Below, all the fusion/ICP-OES recovery values are given relative to the NAA readings 

and derive from the average concentration of three different aliquots per carbon powder, 

i.e. N = 3. In respect to the SWCNT-7867V (the one with highest carbon purity), its fused 

beads exhibited a dark blue color, similar to that of the two nanotube standards. Figures 

4.7a and 4.7b show the average elemental recoveries (and corresponding standard deviation 

bars) obtained at 850 ⁰ C and 1050 ⁰ C, respectively. 
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Figure 4.7 Elemental recovery of selected transition metals present in commercial SWCNT samples 

(average recoveries and standard deviations based on N = 3). a, b) calculated percentages for the 

SWCNT-7867V, at 850 ⁰ C and 1050 ⁰ C, respectively; c, d) SWCNT-5848V, at 850 oC and 1050 

oC, respectively.  

Given the lack of benchmark values for Fe and Ni, these elements were not considered. 

With the exception of Co, minor differences were observed (for Cr, Mn and Mo). The Co 

recovery at 850 oC was 81 ±9% whilst, at 1050 ⁰ C, it increased to 89 ±6%. Again, the 

deviation bars are relatively large meaning that the improvement in Co extraction is 

indicative. Interestingly, the uncertainties did not differ as widely with temperature as in 

the SWCNT-1 standard. In the past, we tested the SWCNT-7867V under different fusion 

conditions133. A lithium borate flux was used and the exposure lasted six minutes, at 1050 

⁰ C. The recoveries obtained were higher than those here, namely 97 ±2% (for Cr), 107 



88 
 

±0% (for Mn), 86 ±3% (for Co) and 93 ±1% (for Mo). The additional two minutes of melt 

exposure may have contributed to leach more of these elements into the lithium salt. 

As for the SWCNT-5848V sample, the NAA revealed that Cr, Mn, Fe and Ni were the 

predominant transition metals in the as-received powder (Table 4.1). In fact, Fe was several 

orders of magnitude more abundant than the other three elements. Co and Mo were present 

in relatively small quantities. Post-fusion, the quenched glassy beads were dark yellow, a 

color consistent with the oxidation of Fe. From Figures 4.7c and 4.7d, it is clear that an 

increase in the recovery levels took place for the higher temperature experiment. While for 

Cr and Mn this improvement may be disputed (given the magnitude of the deviation bars 

at 850 oC), there is no doubt about the other two elements. In the case of Fe, the average 

value jumped from 70% to 83%. For Ni, the increment was even more pronounced, from 

75% to 92%. Remarkably, this response to the fusion temperature contrasts with that of all 

other nanotube samples.  

From the elemental analysis of the commercial samples, it is possible to infer that different 

catalysts were used to produce the nanotubes.  Whereas the SWCNT-7867V follows the 

well-known CoMoCAT CVD approach (as disclosed by the vendor), where Co and Mo are 

prominently used,142 the growth of the SWCNT-5848V was based on a Fe-catalyzed 

reaction, likely promoted by a free-floating CVD process144. If so, this would help 

understand the exceptional increment in recovery levels at 1050 oC. A common by-product 

of Fe-catalyzed free-floating CVD is metallic nanoparticles enveloped by a thin shell of 

turbostratic carbon. It is logical that the hotter melt was more efficient in disintegrating 

these, hasting the dilution of the trapped Fe (and Ni, if alloyed). 
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4.3.2.2 Structural analysis 

By definition, standards are thoroughly characterized materials and the two certified 

SWCNT used in this work were no exception. Oppositely, commercial powders may show 

large variability (e.g. within the same batch and/or lot-to-lot) and often lack a detailed 

certificate of analysis133,145. To complement the NMR studies, the commercial nanotubes 

were assessed with Raman spectroscopy and electron microscopy.  

The morphology and structural characteristics of the SWCNT-7867V were previously 

described by us6. Generally, the as-received nanotubes were well-structured, with an 

average diameter of 0.96 ±0.29 nm and arranged in bundles of less than ten SWCNT. 

However, by-products such as catalyst particles (alloys of Co and Mo) were also identified. 

With this information in hand, the 11B and 23Na MQMAS NMR were acquired for the 

SWCNT-7867V fusion products. At 850 oC (Figure 4.8a), the anisotropic shift contribution 

in the 11B 2D spectra showed a diversity of chemical environments for the B3 units.  

 

Figure 4.8 11B MAS NMR of SWCNT-7867V at a) 850⁰ C and b) 1050 ⁰ C. 
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These were similar in number, shift and intensity of the resonances, to those present in the 

blank NaT (cf. Figure 4.4c). Conversely, the B4 sites showed a resonance profile that was 

sharper than the analogous of the SWCNT-1 and SRM2483 samples. Remarkably, the 

increase in the melt temperature led to a slight enlargement of the boron resonances (Figure 

4.8b). This contrasts with the response of the standards where the opposite trend was 

observed. In the SWCNT-7867V, the higher disorder of the anionic B3 and B4 units could 

be a consequence of increased leaching of trapped cobalt and the formation of glassy cobalt 

(II) borate domains (cf. Figures 4.7a and 4.7b). The analysis of the alkali cation sites by 

23Na MQMAS NMR (Figure 4.9), showed a slightly more diffuse spectrum at the higher 

temperature. 

 

Figure 4.9. 23Na MAS NMR of SWCNT-7867V at a) 850⁰ C and b) 1050 ⁰ C. 

While the induced disorder was not as large as that seen for the SRM2483 (cf. Figure 4.5), 

it showed a different response from the blank and the SWCNT-1 samples. Cobalt leaching, 

or the oxidation of the nanotubes and other carbon aggregates in this sample (see TEM 
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analysis in ref 6), could be behind this behavior. Finally, the 13C 1D MAS NMR spectra for 

the as-received nanotubes and the post-fusion samples were acquired (Figure 4.10a). 

 

Figure 4.10. Structural characterization of commercial nanotube samples. a) 13C solid state 1D 

MAS NMR for the SWCNT-7867V sample in the as-received state (bottom spectrum) and after 

melting (top spectra), at 850 ⁰ C and 1050 ⁰ C; b) High magnification TEM micrograph of the as-

received SWCNT-5848V; c) Raman spectrum of the nanotube sample shown in b).  

The initial spectrum (20 oC) of the SWCNT-7867V is similar to those of the standards, 

with a single resonance centered at 125 ppm. However, the peak is less symmetric possibly 

due to a greater presence of sp2-C species that are not nanotubes (e.g. carbon aggregates) 

6. Post-fusion, the 13C spectra are comparable to those of the standards. At 850 ⁰ C, the 

resonance’s broadening is quite visible indicating higher anisotropy and less structural 

order in the C lattice. At 1050 ⁰ C, the spectrum follows a profile that somehow falls in 

between that of the SWCNT-1 and the SRM2483. On one hand, the sp3-C peak shows up 

at a comparable chemical shift to that of the SRM2483 (30 ppm). On the other hand, the 

sp2-C resonance is maintained but its sharpness and intensity are akin to that of the 

SWCNT-1 sample. From this, a considerable degradation of the sp2-C in the SWCNT-

7867V took place but not as extensively as in the SRM2483. It is worth recalling that the 
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SWCNT-7867V was also subjected to oxidation using a lithium salt138. Interestingly, at 

1050 ⁰ C, the spectrum was constituted solely by the sp3-C peak, centered at 37 ppm. The 

absence of the sp2-C resonance implies a larger disintegration of the nanotubes, which 

agrees well with the higher recoveries obtained with the lithium salt when compared to the 

present sodium tetraborate133. As stated before, the additional two minutes of melt exposure 

could account for this.  

For the SWCNT-5848V, the morphological and structural characterization is shown in 

Figures 4.10b and 4.10c. Besides the bundles of SWCNT (marked with a white arrow in 

Figure 4.10b), the presence of metallic catalyst particles was observed (red arrows). 

Judging from the elemental analysis, these are composed of Fe. The corresponding Raman 

spectrum identified the typical bands for SWCNT, namely the radial breathing modes 

(RBM), the graphitic peak (G) and the 2D overtone. The defect-related peak (D) was barely 

noticeable, attesting the structural quality of these nanotubes. The estimated diameter 

distribution was 1.7 ±0.5 nm (Figure 4.11). Unfortunately, due to the high concentration of 

magnetic Fe particles in the as-received sample, it was not possible to carry out the 

structural analysis by solid state NMR. 
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Figure 4.11 a) TEM micrograph (low mag) and b) Raman spectrum of the SWCNT-5848V with 

deconvolution of the RBM band, resulting on an average diameter of 1.7 ± 0.5 nm. The diameter 

was calculated according to the formula presented in Annex 1. 

 

4.4 Final discussion 

It is common knowledge that the synthesis of SWCNT, may that be via CVD or other 

methods, relies on the use of transition metals. These act as catalysts that promote 

cracking of carbon feedstocks (e.g. an hydrocarbon gas or vaporized graphite powders) as 

well as the subsequent integration of atomic carbon species in a tubular graphitic lattice. 

Not surprisingly, catalyst nanoparticles are the most common by-product of these 

processes. In general, the metal remainders are found nested inside the nanotubes or 

encapsulated in onion-like carbon particles. These graphitic shells are quite sturdy and act 

as a formidable barrier to liquids capable of solubilizing transition metals. Hence, 

destroying the carbon matrix is a necessary step to ensure appropriate recovery of 

transition metals when analyzing SWCNT samples by ICP-OES.  
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4.5. Conclusions 

Four different types of SWCNT were subjected to alkaline oxidation using a sodium 

tetraborate flux. For each sample, two different temperatures were considered. The 

solubilized product of the fusion processes, were used to perform elemental analysis with 

ICP-OES. With reference to benchmark concentrations, the recoveries obtained for six 

transition metals were commonly in excess of 80%. Depending on the catalyst system 

employed to synthesize the nanotubes, the fusion temperature imprinted a different effect.  

For those samples using a Co-Mo catalyst, the lower temperature was sufficient. For the 

one sample produced via a Fe catalyst, the best recoveries were obtained at 1050 oC. When 

put into context with previous literature, the present results show that the structural purity 

of the nanotubes and the characteristics of the catalyst remainders are the key drivers for 

the selection of the reaction conditions. A balance between the extent of graphitic matrix 

digestion and evaporation of the leached target elements needs to be attained. Remarkably, 

the fusion processes can be quite fast, with reaction times (melt exposure) as short as four 

minutes. Overall, alkaline oxidation is a relatively safe and simple alternative to digest 

carbon materials, one that may be particularly useful in settings where batches are handled 

at a high throughput. 
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CHAPTER 5 

 

Chemical and Structural Analysis of Carbon Materials Subjected to Alkaline 

Oxidation  

Simoes, Filipa RF, et al. ACS Omega, 2019, 4, 20, 18725–18733 

 

5.1. Introduction 

The textural and structural versatilities of carbon materials explain their diverse properties 

which range from the gas impermeability of glass-like carbon 146 to the outstanding charge 

carrier mobility measured in graphene.147 For quite some time, one of the main areas of 

interest of the carbon research community has been energy storage and conversion systems, 

namely, the application of these materials as electrodes and current conductors. It is notable 

that three decades after the lithium-ion batteries were first commercialized, processed 

graphite flakes remain the preferred choice of anode material. Perhaps more surprising is 

the fact that there is no way to reliably (and routinely) measure the concentration of 

chemical elements in carbon-based battery electrodes148.  

To extend on the above, the next logical step is to apply and validate the fusion approach 

for other carbon materials. In particular, testing of commercial samples that may present 

batch-to-batch differences in texture, morphology, and chemical composition could be of 

relevance to teams that integrate these in energy storage systems. In this sense, in this third 

chapter, three types of carbons (carbon black, carbon nanotubes, and expandable graphite) 

will be subjected to alkaline oxidation and their chemical composition studied with ICP-

OES. Given the nonexistence of matrix-matched CRMs, the validation of concentration 
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values was done with reference to previously obtained readings from NAA, a primary 

analytical method7. The sample residues will be structurally and spectroscopically 

evaluated to shed light on the disintegration path of the carbon materials. 

In the previous results chapters, different flux systems along with varied molten salt 

reaction conditions were evaluated to understand how feasible is alkaline oxidation as an 

ICP-OES pre-treatment step for the analysis of transition metals in nanocarbons. Given the 

availability of chemically certified SWCNT, a special emphasis was placed in this class of 

allotropes. Overall, it became clear that it is possible to use fusion for the routine elemental 

analysis of SWCNT powders. Logically, the follow-up question is its applicability in other 

carbon materials. Here, given the number of different allotropes available, a selection of 

representative materials for planar (graphite) and point (carbon black) textures, besides the 

axial (of the nanotubes) was made. In addition, as these are materials that find use in the 

battery field, commonly integrating lithium-ion anodes, their electrochemical response was 

also quickly investigated.  

5.2 Experimental Section 

5.2.1 Reagents, Materials and Solutions 

The CB (acetylene, 99.9%, Lot S20A074, CAS 1333-86-4, Alfa Aesar), the SWCNTs (Lot 

MKBW7867, CAS 308068-56-6, Sigma-Aldrich), and expandable graphite (grade 3772, 

Lot 881201B-3, Asbury Carbons) were procured and used as-received. For the flux, a 

lithium salt containing 98.5 wt% of lithium metaborate, LiBO2 (CAS 13453-69-5), and 1.5 

wt% LiBr (CAS 7550-35-8) was purchased from Malvern PANalytical. Pt/Au crucibles 

(95/5 wt%, Malvern PANalytical) were employed as reaction vessels during the fusion 
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procedure. To dissolve the glass-like beads resulting from the fusion, a 10% nitric acid 

(HNO3) solution was prepared from 70% HNO3 (Aristar Plus, Lot 1118092, CAS-7697-

37-2, BDH, Canada) using deionized water (resistivity = 18 MΩ·cm, produced with a 

Milli-Q system from Millipore, UK). Standard stock solutions of single elements 

(PerkinElmer and Inorganic Ventures, US) were used to calibrate the ICP-OES instrument, 

namely, 2% (v/v) solutions of Ca (CAS 7440-70-2, Lot 16-94 Ca), K (CAS 7440-09-7, Lot 

16-26 K), Co (CAS 7440-48-4, Lot 16-76 Co), Mn (CAS 7439-96-5, Lot 15-91 Mn), As 

(CAS 7440-38-2, Lot 15-64 As), Cr (CAS 7440-47-3, Lot 15-65 Cr), and Fe (CAS 7439-

89-6, Lot 15-185 Fe) and a Mo standard derived from Inorganic Ventures, with a matrix of 

H20/tr NH4OH (Lot D2-MO02036, CAS 7732-18-5 for water, CAS 1636-21-6 for 

ammonium hydroxide, and CAS 13106-76-8 for ammonium molybdate). 

5.3 Electrochemical and Structural Analysis 

5.3.1. Cyclic Voltammetry 

Electrodes were prepared according to a procedure reported elsewhere149. In short, 5 mg of 

the carbonaceous material was mixed with 15 μL of Nafion (5 wt% in water and 

isopropanol), 500 μL of deionized water, and 500 μL of isopropanol, to obtain a mixture 

which was then ultrasonicated for 30 min. This slurry was drop-cast onto a glassy carbon 

electrode (3 mm in diameter) and dried under an incandescent bulb lamp for 15 min, in 

atmospheric conditions. All electrochemical experiments were carried out on a Bio-Logic 

VMP3 electrochemical workstation, using 1 M H2SO4 as the electrolyte, a Pt wire as the 

counter electrode, and a SCE as the reference electrode. Cyclic voltammograms were 

obtained at scan rates of 50 mV s–1 in the 0–1 V (vs SCE) range and at room temperature. 
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5.3.2. Transmission Electron Microscopy 

Microstructural imaging and energy-dispersive X-ray spectroscopy (EDXS) were 

performed at 300 kV using a Thermo Fisher Scientific Titan SuperTWIN microscope 

incorporating an EDAX octane silicon drift detector. Samples were prepared by suspending 

a few milligrams of the powder materials in ethanol and then drop-cast these onto Holey-

carbon Cu grids. For the glass-like beads (blank or sample), an agate pestle and mortar 

were used to crush and grind these to a powder. 

5.3.3 Magic Angle Spinning Nuclear Magnetic Resonance 

All samples were grinded with an agate pestle and mortar. For the 1D 13C MAS NMR, a 

known amount of powder material was filled into zirconia rotors and the spectra recorded 

on a Bruker AVANCE III spectrometer, operating at a resonance frequency of 100 MHz 

and using a conventional double resonance 4 mm MAS probe. The spinning frequency was 

set to 10–15 kHz. NMR chemical shifts are reported with respect to tetramethylsilane, 

which acted as the external reference. Spectra were recorded via a spin echo pulse sequence 

(pulse length of 3.4 μs) with four-phase alternation, synchronized with the spinning rate 

for the MAS experiments (to delete all background signals from the probe). The interscan 

delay was set to 15 s to allow complete relaxation. 5000 to 30 000 scans were performed. 

An apodization function (exponential), corresponding to a line broadening of 80 Hz, was 

applied prior to the Fourier transformation. For the 1D 11B (I = 3/2) MAS NMR, the 

experiments were recorded on a 21.1 T Bruker AVANCE III spectrometer (vL(11B) = 

288.826 MHz) with a double-resonance 3.2 mm MAS probe and a spinning frequency of 
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20 kHz with short pulse (π/12 with a pulse width of 1 μs and repetition time of 2 s). For 

the 11B multiple-quantum (MQ)MAS experiments, a three-pulse MQMAS sequence with 

a z-filter and a spinning frequency of 20 kHz was used. The excitation and conversion pulse 

lengths were 5.7 and 1.9 μs, respectively, and the read pulse length was 20 μs. 

The t1 increment was 50 μs to ensure rotor-synchronized data acquisition. Chemical shifts 

are referenced to an external sample of 1 M boric acid. For the 1D 7Li MAS NMR, 

experiments were carried out on a 21.1 T Bruker AVANCE III spectrometer (vL(11B) = 

288.826 MHz) with a double resonance 3.2 mm MAS probe and a spinning frequency of 

20 kHz. A single-pulse sequence with phase cycling was employed. Sixty-four scans were 

performed with a 3 s pulse duration and a 1 s repetition time. The external reference (0 

ppm) was LiCl powder. For the 7Li MQMAS, the experiments were carried out using a 

three-pulse MQMAS sequence with a z-filter and a spinning frequency of 20 kHz. The 

excitation and conversion pulse lengths were 3.6 and 1.3 μs, respectively, and the read 

pulse length was 20 μs. 

5.4. Alkaline Oxidation 

The Pt crucibles were thoroughly washed with a diluted acid solution for 1 h and then 

cleaned with 70% (v/v) ethanol. The fusion blank (control) was prepared by weighing 250 

mg of the flux. The fusion sample was prepared by adding 25 mg of the carbonaceous 

material to 250 mg of the flux (1:10 ratio) and carefully mixing these, inside the Pt crucible, 

with the assistance of a vortex. The vessel was then taken to the furnace (Claisse LeNeo, 

Malvern PANalytical) where the melting process started at 1050 °C and lasted for 6 min. 

For the structural analysis, the glass-like samples were carefully broken with a manual 

press followed by grinding with an agate pestle and mortar until a powder was obtained. 
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For TEM, around 1 mg of sample was dissolved in 10 mL of ethanol. For the ICP-OES 

analysis, the crucible was tilted and the melt dropped into a polypropylene beaker filled 

with a 10% HNO3 solution. Stirring took place for 4 min, that is, until the total dissolution 

of the melt. 

5.5. Elemental Analysis 

For the ICP-OES measurements, an Agilent 5110, bearing a synchronous vertical dual-

view configuration and a wavelength window between 167 and 785 nm, was employed. 

The instrumental parameters used are listed in the Table 5.1.  

Table 5.1 Operating Parameters for ICP-OES 

 

To calibrate the equipment, single-element solutions of As, Co, Cr, Mn, Mo, Ca, Fe, and 

K, at concentrations of 0.5, 5, and 50 ppm, were used. All were derived from the respective 

1000 ppm single-element standards. In order to check the instrument performance and 

ensure that its precision was not degrading over the period of the analysis, a quality control 

sample (1 ppm) and solutions for continuing calibration verification (5 ppm) were 

prepared. The LODs will vary according to the element of interest. In the present 

conditions, the values are given in Table 5.2. 
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Table 5.2. Limits of Detection for the Elements Measured by ICP-OES 

 

5.6. Results and Discussion 

5.6.1. Electrochemical Analysis 

Generally, research teams investigating intercalation-type batteries assemble their 

electrochemical cells trusting that the carbon materials they procure are homogeneous and 

pure. However, this may not always be the case10, 150. To identify electrochemically active 

substances that are not intrinsic to carbon allotropes, one expeditious tool is cyclic 

voltammetry (CV). For the three carbonaceous powders studied here, the CV survey 

revealed that they all presented redox peak pairs (Figure 1). The carbon black (CB) (Figure 

5.1a) showed a mostly capacitive behavior with one pair of broad peaks at 0.3−0.4 V [vs 

standard calomel electrode (SCE)]. This is typical of a redox reaction of oxygen containing 

functional groups11 grafted to the carbon lattice. A similar behavior was observed for the 
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expandable graphite (Figure 5.1b). While a lower capacitive current was identified, the 

0.3−0.4 V peaks were more resolved. This could be due to the presence of an increased 

number of grafted moieties and/ or additional electrochemically active species. 

Interestingly, the CV of the nanotubes (Figure 5.1c) presented much larger current values 

and three distinct redox pairs, in the interval 0.2−0.5 V (vs SCE). Besides the oxygen-

containing moieties, several electrochemically active species could be present (such as the 

molybdenum used to grow nanotubes)151-152. Overall, the disparity in the number of redox 

pairs and the capacitive current readings is notable, despite all samples being 

commercialized as carbon materials. While it is not the aim of the present work to study 

the mechanisms through which foreign elements may affect the performance of electrode 

materials (capacity, durability, etc.), analogous studies for the electrocatalysis field 

provided conclusive evidence of the critical impact that metallic impurities have8, 153. Still, 

as the redox pairs result from the presence of noncarbon elements, understanding the 

chemical composition of these powders is critical to explain their electrochemical response. 

 

Figure 5.1 Cyclic voltammograms of the as-received, a) carbon black, b) expandable graphite and 

c) single-walled carbon nanotubes, showing the presence of reversible redox pairs; these peaks are 

extrinsic to carbon materials.  
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5.6.2. Elemental Analysis 

In the majority of cases, commercial carbons are sold through a distributor. To validate the 

product’s quality, the manufacturer provides a technical specifications sheet. 

Unfortunately, given the lack of standardized protocols and independent quality seals, the 

information provided on chemical composition of carbon powders may not be entirely 

reliable. Previously, we used NAA and IBA to characterize the composition of the 

materials investigated here10. Given its status of primary metrological tool, the elemental 

concentrations measured with NAA were considered as benchmark values for the present 

ICP-OES study. To prepare the three carbon powders, an alkaline oxidation procedure 

(recently validated for a certified nanocarbon sample)138 was used. The ICP-OES results 

of eight selected elements are summarized in Table 5.3 (note that the concentrations derive 

from the average of three different samples for each carbon powder). In respect to the CB, 

when the melt was poured into the beaker (half-filled with 10% HNO3), it did not yield a 

homogeneous transparent solution. Instead, a suspension resulted where black particles 

were notoriously visible. Using centrifugation and filtration, the residues were separated 

from the liquid, which was then taken to the ICP-OES. Most of the elements listed in Table 

5.3 could not be identified, either because of their absence or because they were present in 

quantities below the limit of detection (LOD) of the optical spectrometer (see Experimental 

Section). The lack of, for instance, transition metals was expected as the CB should be 

(almost) free of these (as per the vendor technical sheet, it is produced from the thermal 

decomposition of acetylene). The exception was calcium but, when compared to the 

benchmark concentration,10 it was possible to recover only 53% of it. One plausible 

explanation concerns the lack of chemical homogeneity of CB, as one of the three samples 
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gave Ca levels below the LOD. Differently, pouring the melt containing expandable 

graphite into the beaker resulted in a clear solution with very few suspended particles. 

Attending to the benchmark values, the recoveries obtained for Ca, Cr, K, and Mn were 

quite satisfactory. On the other hand, the concentration of Fe measured with ICP-OES was 

well below the expected figure (Table 5.3). It is pertinent to note that, with NAA, it was 

not possible to achieve similar mass fractions on the duplicates for this element10. Again, 

this could be justified by the non homogeneity of the powder. Still, and while merely 

indicative, there is a coincidence of the ICP-OES Fe reading (107 mg/L) with that of IBA 

in ref10 (109 mg/L). As concerns the sample of carbon nanotubes, the highest 

concentrations were measured for Co, Mo, As, and Cr (Table 5.3). The first two elements 

acted as catalysts during the synthesis process of the nanotubes.142 With the exception of 

As, all recoveries were satisfactory. A possible reason for the low recovery of this element 

is its relatively low boiling point (613 °C). Considering that the fusion reaction temperature 

was more than 1000 °C (in an open vessel), it is not surprising that significant mass losses 

of As occurred. 

Table 5.3.  ICP-OES results for the carbon black, expandable graphite and single-walled carbon 

nanotubes commercial samples; average values and standard deviations calculated from N = 3 
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5.6.3. Structural Analysis 

The generation of byproducts is a possibility that is commonly referred to in the literature 

of alkaline oxidation. In the case of carbon, possible inorganics that could be formed 

include intercalation compounds, carbides, or substitutionally doped graphene layers. In 

view of this, the structural characterization of the as-received powders and their fusion 

residues (if available) was carried out with electron microscopy and solid-state nuclear 

magnetic resonance (NMR). Scanning electron microscopy (SEM) and transmission 

electron microscopy (TEM) are powerful tools to analyze the morphology and 

microstructure of carbon materials. Furthermore, they can be complemented with energy-

dispersive X-ray spectroscopy (EDXS) to pinpoint the presence of different elements in 

particles. In Figure 5.2, a tableau is presented that contains low- and medium-magnification 

TEM images of the flux and carbon powders, before and after the fusion process. The first 

set of panels (Figure 5.2a,d) refers to the lithium flux. From the TEM micrographs, the as-

received salt appeared agglomerated and with an undefined structure. 
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Figure 5.2. Low and medium magnification TEM micrographs of the flux and carbons in the as-

received and post-fusion states, (a-d) lithium borate (LiBO2), (e-h) acetylene carbon black (CB), 

(i-l) expandable graphite (EG) and (m-p) single-walled carbon nanotubes (SWCNT). 

Given its dielectric nature, charging was observed, preventing a more detailed study at 

higher resolution. In this case, the SEM images were more informative as they showed the 

spheroidal morphology of the microscaled particles (with several hundreds of micrometers 

in diameter) and their rough surface (Figure 5.3 a,b). After the (blank) fusion process, the 

TEM micrographs revealed fragments with a more defined shape, but no microstructural 

information could be extracted. 
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Figure 5.3. SEM micrographs of the as-received lithium metaborate salt at, a) low and, b) high 

magnifications; the salt is aggregated into sub-mm spherical particles and the surface is rough due 

to the jagged edges of the crystallized oxide. 

 Still, from the powder X-ray diffraction (XRD) patterns, changes to the overall atomic 

arrangement of the material took place as it became more crystalline after resolidification 

(Figure 5.4).  
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Figure 5.4. Powder XRD analysis of the lithium metaborate salt, a) as-received and, b) fused; the 

changes in the diffractograms are quite visible, with the fused salt showing a higher degree of lattice 

crystallinity and the absence of the background baseline seen in a) – a common feature of 

amorphous materials. 

The post-fusion SEM images of the lithium salt were not informative (not shown). The 

EDXS analysis, before and after melting (Figure 5.5a,b, respectively), did not identify other 

elements besides B and O (note that the Li is too light to be detected with this technique).  

 

Figure 5.5. EDS of the lithium metaborate salt, a) as-received and, b) fused; there was no qualitative 

variation of the chemical composition, Li is not observed with this technique, C was not identified 

and Cu originates from the TEM grid.  

The as-received CB showed the primary and secondary structures typical of these materials 

(Figure 5.2 e, f). Larger agglomerates were seen in the SEM images (Figure 5.6 a, b).The 

EDXS spectrum contained only Cu (from the grid) and C (Figure 5.7a). Upon the fusion 

process, identifying the presence of blacks (or residues of these) was not straightforward 

(Figure 5.7b). 
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Figure 5.6. SEM micrographs of the as-received carbon black, a) at low and, b) medium 

magnifications; the aggregates are tens of micrometers in size and contain the chains (secondary 

structure) of carbons particles derived from the thermal decomposition of acetylene.  

For the most part, the TEM grids showed the presence of irregularly shaped particles that 

are most likely derived from the lithium salt (Figure 5.2 g, h). Possibly, and despite the 

pronounced suspension seen in the melt-receiving beaker, the aggregating secondary 

structure was lost, which made imaging of the isolated blacks challenging. 

 

Figure 5.7. EDS of the carbon black sample, a) as-received and, b) fused; the C peak is less intense 

than would be expected in b) because the EDS-TEM technique is very localized and the post-fusion 

imaging of the particles was not achieved. 
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In the case of expandable graphite, the as-received powder contained faceted flakes with a 

fair degree of graphitic arrangement (Figure 5.2 i,j ). The dimensions of the flakes were 

clarified with SEM (Figure 5.8), with an average size of 500 μm measured. 

 

Figure 5.8. SEM micrographs of the as-received expandable graphite, a) at low and, b) medium 

magnifications; the morphology is typical of graphite particles and the size of the flakes is in the 

order of millimeters, the average being 0.5 mm. 

The elements identified initially by EDXS were C, O, Na, S, Ca, Cr, and Fe (Figure 5.9a). 

After the fusion, few particles were collected from the melt-receiving beaker. Still, these 

showed an interesting level of resilience, as demonstrated by the images in Figure 5.2 k, l. 

While the flake facets were lost (i.e., its planar texture at the microscale and above), the 

carbon was not entirely disintegrated and reorganized into smaller graphitic crystallites 

(nanotexture) with random orientation. From the EDXS analysis (Figure 5.9b), the 

presence of some of the intercalants was identified (e.g., S).  
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Figure 5.9. EDS of the expandable graphite sample, a) as-received and, b) fused; the presence of 

intercalating elements such as Na, S and Ca is noticeable in the initial state but the chemical profile 

changes after the fusion with the appearance of Br and Al, both elements that were referenced in 

the as-received sample10.  

Besides bundles of well-structured nanotubes (observed both with TEM and SEM, Figure 

5.10), the as-received sample of SWCNTs contained nanoparticles and amorphous carbon 

(Figure 4.2m,n).  

 

Figure 5.10. SEM micrographs of the as-received single-walled carbon nanotubes sample, a) at 

medium and, b) high magnifications; the bundles of SWCNT are visible along with some by-

product catalyst particles. 
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In general, the particles were enclosed by graphitic shells and consisted of catalyst 

remainders (Co and Mo), as identified with EDXS (Figure 5.11). Post-fusion, there were 

barely any suspended residues in the melt-receiving beaker, but, after evaporation, a small 

quantity was collected. The TEM assessment (Figure 5.2 o, p) did not identify nanotubes. 

Instead, lumps of disordered carbon dominated the residues.  

 

Figure 5.11. EDS of the SWCNT sample, a) a-received and, b) fused; the sample contained Co and 

Mo that were leftovers from the production of the nanotubes, after the fusion it was difficult to 

pinpoint these elements because the particles had been disintegrated. 

While the microscopical analysis provided insight into the structural organization of the 

carbon powders, pre- and postfusion, questions remained regarding the extent of the flux 

interaction with the samples. In respect to this, solid-state NMR can be a powerful aid as it 

allows the study of the chemical environments experienced by a range of elements such as 

Li and B. These two nuclei, along with C, were probed with one-dimensional (1D) magic 

angle spinning (MAS) NMR and two-dimensional (2D) multiple-quantum (MQ)- MAS 

NMR. The aim was to identify both structural and chemical changes resulting from the 

exposure of the carbon materials to the lithium borate melt. First, the effect of melting and 

resolidification on the (blank)lithium flux structure was studied. In particular, the B−O 

network was examined using the 11B quadrupolar nuclei (Figure 5.12). The single-pulse 
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11B MAS NMR spectrum of the as-received flux revealed two groups of resonances, 

centered at 5 and 20 ppm (Figure 5.12a). The first can be assigned to the tetrahedral BO4 

sites because the second-order quadrupolar broadening is small and the peak is clearly 

resolved. The broader downfield resonance, at 20 ppm, follows a pattern that can be 

assigned to the triangular BO3 species. As for the corresponding 11B MQMAS (Figure 

5.12b, blue), it shows that the BO4 resonance has a single symmetric site.123, 154 By contrast, 

the as-received salt contains BO3 units exposed to different chemical environments. The 

range of peaks (marked with blue arrows) is due to the symmetric, or trigonal, sites (i.e., 

containing three bridging or nonbridging oxygen atoms) and the asymmetric sites (i.e., with 

one or two bridging oxygen atoms). Post-fusion, the changes occurring to the B−O network 

are evident from both the 1D and 2D spectra. The 11B MAS NMR (Figure 5.12a) shows an 

overall upfield shift for the two peaks. In addition, the BO4/BO3 intensity ratio decreases 

and the BO3 resonance splits into two well-separated components (at 17 and 23 ppm). In 

order to show the number of distinct boron sites present in the fused system, 11B MQMAS 

was employed (Figure 5.12b, red). For the BO3 sites, the most remarkable variation is in 

the isotropic distribution, though a slight shift is also present in the anisotropic axis. These 

are due to the rearrangement of boron coordination and the existence of multiple BO3 sites. 

The sensitivity of this interaction to the dispersion of the B-O-B bond angle is known. 

Taken together, the BO3 asymmetric fraction increased and became more abundant than its 

symmetric counterpart. As regards the BO4 sites, it is interesting that the 11B MQMAS 

points to an increased structural ordering as the corresponding peak loses its lobes, thus 

becoming comparatively sharper. 
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 Figure 5.12. 11B  solid state NMR for the lithium flux in as-received (blue) and fused (red) states, 

a) 1D MAS spectra, b) 2D MQMAS, where the traced lines are guides to the eye marking the shift 

differences that occurred between the as-received and fused salt in the B-O arrangements. 

A higher degree of crystallinity in this salt is corroborated by the XRD powder 

diffractograms mentioned above (Figure 5.4.) and previous literature reports90. Besides the 

B-O network, the study of the chemical environment of Li is also informative. The 7Li 

MAS for the blank flux, pre- and post-fusion, shows a single broad peak that results from 

the existence of different lithium sites (Figure 5.13)155-157. After the heat treatment, a small 

upfield shift of this peak was detected. As for the complementary 7Li MQMAS (Figure 

5.14a), it shows different linewidths: the sharpness of the post-fusion peak (red) contrasts 

with the broader fingerprint of the as-received salt (blue). 
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Figure 5.13. 7Li SS-MAS-NMR of lithium metaborate salt in the as-received (blue curve) and fused 

(red curve) states; the small chemical shift and narrower linewidth observed are a result of the B-

O network rearrangement. 

This is in agreement with the 11B and XRD observations. Upon melting, it is possible that 

the salt oxidized further as it reacted with atmospheric oxygen (for instance, via the 

production of Br2 from the 1.5 wt% LiBr). Subsequently, there would be a higher density 

of BO4 units. These would stabilize the structure and create electronically denser sites 

where the Li+ could be accommodated. In these circumstances, the highly mobile lithium, 

while experiencing faster exchange rates, would be hoping through well-defined lattice 

sites. This would then account for the narrower MQMAS shape. Following the analysis of 

the flux (blank), its interaction with the three carbon powders was investigated by 13C, 11B 

and 7Li NMR.  
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Figure 5.14. Comparison of the 7Li MQMAS-NMR from the fused lithium salt (in red) with, a) as-

received salt (in blue), b) fused carbon black (in black), c) fused expandable graphite (in green) 

and, d) fused single-walled carbon nanotubes (in purple); the main differences in relation to the 

fused salt 2D spectrum are signaled with an arrow at each panel, with the SWCNT standing out for 

its different response in respect to the other two carbons. 
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In Figure 5.15, the 13C MAS NMR spectra for the as-received and fused carbons is shown. 

The carbon black exhibited, initially, a broad signal at ca.100 ppm (Figure 4.15a, bottom 

spectrum). After being in contact with the melt of the lithium salt, a slight downfield shift 

was observed and attributed to bonding with electronegative elements, most likely oxygen 

(Figure 5.15a, top spectrum)158. A similar behavior was observed for the expandable 

graphite (Figure 5.15b). Here, obtaining a clear signal was challenging because of the 

presence of  paramagnetic iron (Table 5.3) and the relaxation effect, a phenomenon that 

was observed in previous studies159. In the case of the as-received carbon nanotubes (Figure 

5.15c), the spectrum contained an asymmetric peak which could be deconvoluted into two 

signals (at 119 and 125 ppm). These were assigned to the sp2-hybridised carbon atoms 

present in metallic and semiconducting tubes, respectively160-162. With the fusion process, 

the intensity of the entire asymmetric peak was considerably decreased and another broad 

peak appeared, at 37 ppm. According to the literature, this chemical shift is typical of sp3-

hybridized carbon atoms141, 163. Here, its presence is explained by the oxidation process 

that disintegrates and burns the nanotubes, with the residues being small fragments of 

disordered carbon material, as confirmed with TEM. 
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Figure 5.15. 13C solid state MAS NMR for, a) carbon black (CB), b) expandable graphite (EG), c) 

single-walled carbon nanotubes (SWCNT), in the as-received (bottom spectra) and fused states (top 

spectra). 

The 11B analysis was more detailed with both MAS and MQMAS spectra acquired for the 

three post-fusion carbon samples (Figures 5.16. and 5.17). 

 

Figure 5.16. 11B solid state NMR for the lithium flux and carbon samples after the fusion procedure, 

a) 1D MAS spectra, where the traced lines signal the intensity maxima of the different peaks 

identified, b) 2D MQMAS of the flux (red) and the SWCNT (purple), both fused, and where the 

arrows highlight the changes in the distribution of the BO3-related peaks. 

The 11B MAS NMR of the fused carbon black and expandable graphite showed a response 

resembling that of the blank flux (Figure 5.16a). The two resonances, at 5 and 17 ppm, 

were assigned to the symmetrical tetrahedral BO4 coordination and to the triangular BO3 

coordination species, respectively. While the chemical shifts in these samples are constant, 

the intensity ratio of the two lines varies. The consistent intensity reduction from the blank 
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to the carbons indicates that the tetrahedra are replaced by triangular units. This is more 

pronounced in the expandable graphite. Given the extended disintegration observed for this 

sample (when comparing the density of suspended particles in the melt-receiving beakers), 

one explanation is that the combustion of the carbons was partially assisted by the loss of 

an oxygen atom from the BO4 units. In addition, a very weak peak appeared at 28 ppm. 

Slightly more intense in the fused expandable graphite, this was assigned to the chemical 

environment of B-C bonds with trigonal planar symmetry157. The 11B MQMAS spectra of 

these two fused carbons showed similar profiles to that of the re-solidified flux. The main 

difference was a broader peak distribution on the symmetric BO3 sites for the carbons, with 

this band extending downfield to about 20 ppm (regions marked with squares in the insets 

of Figure 5.17). Concerning the nanotubes, these showed a completely different response 

from the other carbon samples. The 11B MAS spectra of the fused SWCNT (Figure 5.16a) 

shows the same two peaks (for the BO4 and BO3 units) but the chemical shifts, intensity 

ratio and linewidths are surprisingly similar to those of the as-received flux (blank). As for 

the 11B MQMAS, the two peaks undergo broadening. At 17 ppm, there is a noticeable 

downfield shift (on both the isotropic and anisotropic components) but a small amount of 

boron remains in the same position, as indicated by the red arrows in Figure 5.16b. At 5 

ppm, the (relative) intensity of the peak is significantly increased. The similarity in the 1D 

and 2D spectral profiles indicates that the chemical environment for the BO3 units is more 

represented by the symmetric than the asymmetric coordination. Also, the BO4 lobes are 

indicative of a less ordered array of these units. Put together, the presence of the sp3-type 

fragments and, possibly, the transition metals Co and Mo, could have impaired the re-

structuring of the flux that was seen for the blank and the other two carbon samples. In this 
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regard, the re-organization favored the trigonal BO3 units dispersion while preventing the 

BO4 units to generate lattice sites for the lithium.  

 

Figure 5.17. 11B MQMAS-NMR spectra of two of the fused carbon samples, a) carbon black and, 

b) expandable graphite; the inset plots compare the sample results with those of the fused lithium 

salt (in red), highlighting the presence of additional shifts, as marked by the square boxes.  

To finalize the study for the carbon samples, high resolution 7Li MAS and MQMAS spectra 

were acquired. For the carbon black and the expandable graphite, the results were similar 

(Figures 5.14b and 5.14c). In both cases, a broad peak resulted which means that the lithium 

had very slow motion. This can be explained by some sort of interaction with the carbon 

atoms, possibly via intercalation of the alkali metal. In addition, a new upfield peak appears 

in both cases (indicated by arrows) which was attributed to the presence of the Li+ species 

in the vicinity of the carbon surface. For the carbon nanotubes (Figure 5.14d), the 7Li 

MQMAS showed an even broader peak. The lithium had slower motion, possibly raising 

the prospect of interstitial trapping in a disordered network of carbons. One additional peak 

was found downfield (marked with an arrow) and this could refer to trapping of lithium in 
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an ordered pore such as the interior of a surviving tubular section or in the interstice of a 

bundle of sectioned SWCNTs.  

In the above, several types of carbon materials were subjected to alkaline oxidation in order 

to chemically analyze them with ICP-OES. Using the same experimental parameters, the 

degree of disintegration of the carbon matrix differed, with the SWCNTs being the sample 

that was best digested. Several factors could explain this such as the differences in textural 

orientation (point, radial and planar), the number of stacked graphene layers (for the EG 

and SWCNT) or the presence of oxidation accelerators such as metallic impurities (e.g. Co 

and Mo originating from the production of SWCNT). In the specific case of carbon black, 

it was noticed that its powder was less dense (“fluffier”), which made the pre-fusion 

homogenization with the lithium flux more challenging. Moreover, it is not clear if wetting 

by the molten salt is as efficient as for the other two materials. Accordingly, and while the 

elemental analysis of the carbon black was unreliable, the measurements performed on the 

expandable graphite and the nanotubes were satisfactory: clear, transparent solutions were 

obtained which enabled recoveries well above 80% for various elements. Here, it is 

interesting to highlight the values for Co and Mo in the nanotubes sample, at 86% and 93%, 

respectively. These yields are higher than the analogous for a certified SWCNT, also 

reported by us138. Given that the matrix was similar, it appears that employing a beaker 

filled with an acid solution (to directly collect and dissolve the melt) represents a more 

reliable approach than pouring the fused salt onto a mold and subsequently crush/dissolve 

the resulting glass-like bead.  
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Following the structural analysis, it was observed that the type and extent of the lithium 

borate interaction with a carbon powder can vary. Firstly, despite the post-fusion 

broadening of the main 13C MAS-NMR resonance (common to all), different 

displacements took place. For the carbon black and the expandable graphite, the peak 

moved upfield, probably due to the proximity of electronegative elements. In the case of 

the nanotubes, the main peak shifted downfield, implying their widespread destruction and 

dominant presence of sp3 carbon species. This result is in good agreement with our previous 

study138. Secondly, from the 11B MQMAS data, the carbon black and expandable graphite 

had responses that were similar to that of the fused flux, the exception being a barely 

noticeable peak at 28 ppm. Hence, the direct interaction of the B with the C species was 

minimal but the formation of some residual B-C bonds is a possibility, in particular for the 

expandable graphite. By contrast, the SWCNT showed a similar behavior to the as-received 

flux, with spectral changes referring mainly to the BO4 symmetry. Finally, the 7Li MQMAS 

analysis suggests the slight occurrence of interstitial trapping of Li+ in the residues of the 

SWCNT, while in the carbon black and graphite remainders the interaction is mostly 

surface-based or related to basal plane intercalation. Note that the identification of 

interstitial lithium is in contrast to our previous work 138. Several factors could explain this 

inconsistency: 1) the lithium salt and the SWCNT sample used were different, 2) the 7Li 

SS-NMR study included a 2D spectral analysis which is, generally, more sensitive to 

identify multi-nuclei interactions. 
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5.7. Conclusions 

Identifying and quantifying the presence of foreign elements in carbon electrode materials 

is an important step to understand how they may affect the performance and stability of 

energy storage systems such as batteries. Three commercial carbons - with point, radial 

and planar textural orientation - were surveyed with cyclic voltammetry, confirming the 

presence of redox species in the as-received powders. Upon subjecting these to a process 

of alkaline oxidation (or fusion), it was possible to measure the concentration of several 

transition metal elements with ICP-OES. Further to this, particulate residues were collected 

for structural analysis with electron microscopy and NMR.  

Although the fusion pre-treatment process was unsuccessful for the carbon black, it did 

result in clear liquids (to the naked eye) for the expandable graphite and the nanotubes. The 

elemental levels for these two materials, measured with ICP-OES, were very close to the 

benchmark concentrations obtained with NAA. Post-fusion, the residues of the expandable 

graphite kept part of the graphitic structure while in the nanotubes case, the carbon lattice 

became predominantly disordered. In line with the microscopical observations, the multi -

nuclei NMR structural study identified several types of minor interactions between carbon 

and lithium, with interstitial trapping likely taking place in the residues of the nanotubes.  

Overall, alkaline oxidation is a simple and low-cost sample pre-treatment approach for 

ICP-OES, applicable to structurally different carbon materials. 
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CHAPTER 6  

Towards the direct quantification of intercalated potassium in graphitic carbon 

anodes of potassium ion batteries 

Submitted manuscript 

 

6.1 Introduction 

The anodes of the most commonly used type of battery - lithium ion (LIB), are heavily 

reliant on graphitic materials,164 as these allow for relatively high capacity cells with a long 

cycle life, at a fairly low manufacturing cost165. Driven by the explosive demand for energy 

storage devices and the limited supply of lithium, researchers have been investigating 

alternative intercalating battery chemistries where sodium,166 aluminum167 and 

potassium168-172 are the active elements. Also here, carbon materials constitute a prime 

option for the electrodes173. In fact, the development of carbon-based anodes has driven 

much of the novel field of potassium ion batteries (KIB) 168-171, 174-176. Recently, some of 

us described a pyrolysis strategy to control the nitrogen doping levels in a carbonaceous 

material, resulting in a remarkably high capacity and long cycle life KIB cell177. Likewise, 

structural defects have been explored to improve the performance of these systems177. 

While the intercalation mechanism in LIBs is fairly well understood, the same cannot be 

said for the aforementioned new types of batteries175, 178. To assist in this effort, the analysis 

of electrodes (in charged and discharged states) has been expanded resorting to an array of 

analytical tools. Besides the electrochemical testing, it is common to carry out the structural 

analysis of the active material using diffraction (X-ray, electron or neutron probes)179 and 

spectroscopy (e.g., nuclear magnetic resonance, Raman)180,16-17 techniques. In particular, 

nuclear magnetic resonance spectroscopy (NMR) has been increasingly used, often 
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investigating the signals from different nuclei, including those of the intercalants (Li, Na, 

K, etc.) 181 182-183,100. The chemical analysis of intercalation electrodes has also been 

receiving some attention148. However, and in contrast to the structural and electrochemical 

studies, the assessments performed are often inadequate in offering a comprehensive view 

of the elements concentration and lattice location, before and after the battery cell’s 

operation. For instance, the data collected may not be representative of the electrodes as 

the techniques used are either too localized (e.g., energy dispersive X-ray spectroscopy, 

EDX) or surface-based (e.g., X-ray photoelectron spectroscopy, XPS). Therefore, it is 

important to consider elemental analysis methods that interrogate the materials in a scale 

that is statistically representative of the entire electrode. In this context, techniques such as 

instrumental neutron activation analysis (INAA) or inductively coupled plasma - optical 

emission spectroscopy (ICP-OES) can be of much relevance. INAA is performed with the 

whole test portion and without sample decomposition. However, only a limited number of 

labs can perform the analysis. More common, the ICP-OES can quantify a large number of 

elements, some down to trace levels (parts per million or less). Still, it remains necessary 

to first solubilize (or vaporize) the solid electrode mixtures to leach out the target elements 

for spectral analysis. In carbon electrodes, this is a challenging task because the elements 

may be trapped in the grain boundaries and lattice interstices of the graphitic crystallites, 

or entirely encapsulated by the refractory layered matrix.  

A routine way to prepare carbon materials for ICP-OES analysis is through wet digestion 

and/or ashing42. For electrodes of intercalation batteries, these approaches are hardly valid 

as the first relies on stringent acid conditions (predictably resulting in scale-up issues with 

safety, toxicity and turnaround times) and the second often leads to mass losses by 
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volatilization. In this respect, the work by Lurenbaum et al.184 represents an interesting 

development. Using a laser ablation (LA) sputtering method coupled to an ICP-OES setup 

(LA-ICP-OES), the team was able to analyze the amount and μm-scaled spatial distribution 

of lithium (along with some transition metals) in a LIB anode (33 mm x 33 mm). Despite 

being very informative, this double-hyphenated method remains time consuming, 

technologically complex and costly, hence an unlikely option for routine chemical analysis. 

In 2019, we validated alkaline oxidation (a.k.a. fusion) as a bulk-level approach to 

disintegrate graphitic lattices (single-walled carbon nanotubes), enabling thereby the 

subsequent quantification of transition metals (Co, Ni and Mo) by ICP-OES138. Soon after, 

other carbon materials were investigated133. To benchmark the concentrations of metals in 

non-certified materials, INAA and ion beam analysis (IBA) techniques were employed1010, 

133, 185. 

The success of the fusion method applied to carbon matrices, at mass samples of a few tens 

of mg, motivated us to look into more complex materials, namely carbon-based battery 

electrodes. Here, we used alkaline oxidation (fusion) to digest the graphitic electrode 

material of a model KIB system, in its pristine, charged and discharged states. In an attempt 

to quantify the potassium, the solubilized electrode material was examined with ICP-OES. 

This novel approach was complemented with a range of other elemental and structural 

assessments, including INAA and solid state NMR. With the latter two, it was possible to 

understand the chemical environment of a number of elements as well as to estimate the 

mass fraction of intercalated potassium.  
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6.2. Experimental Section 

6.2.1. Reagents, Materials and Solutions 

6.2.1.1. Batteries assembly 

The graphitic material (GC) was prepared according to a previously reported procedure178. 

The potassium chunks (in mineral oil), ≥98%, CAS 7440-09-7, were purchased from VWR 

Chemicals, UK. Ethylene carbonate (EC), 98%, CAS  96-49-1 and diethyl carbonate 

(DEC), 99% CAS  105-58-8, as well as potassium hexafluorophosphate (KPF6
-), CAS 

17084-13-8were bought from Sigma Aldrich. For the slurry preparation, acetylene black 

99.9%, Lot S20A074, CAS 1333-86-4 from Alfa Aesar was used, and sodium 

carboxymethyl cellulose (NaCMC), CAS 9004-32-4, procured from Merck. Ethanol 96% 

(v/v), AnalaR NORMAPUR® analytical reagent, and 2-Propanol ≥99.8%, HiPerSolv 

CHROMANORM® were purchased from VWR Chemicals, UK. Acetone, ACS reagent 

grade, CAT RSOA0010-4C, Lot 2905963 was procured from RICCA Chemical Company. 

6.2.1.2. Fusion and ICP-OES analysis 

For the flux, a lithium salt containing 98.5 wt % of lithium metaborate, LiBO2 (CAS 13453-

69-5), and 1.5 wt % LiBr (CAS 7550-35-8) was purchased from Malvern PANalytical. 

Pt/Au crucibles (95/5 wt %, Malvern PANalytical) were employed as reaction vessels 

during the fusion procedure. To dissolve the glass-like beads resulting from the fusion, a 

10% nitric acid (HNO3) solution was prepared from 70% HNO3 (Aristar Plus, Lot 1118092, 

CAS-7697-37-2, BDH. Standard stock solutions of single elements (Inorganic Ventures, 

https://www.sigmaaldrich.com/catalog/search?term=96-49-1&interface=CAS%20No.&N=0&mode=partialmax&lang=en&region=SA&focus=product
https://www.sigmaaldrich.com/catalog/search?term=105-58-8&interface=CAS%20No.&N=0&mode=partialmax&lang=en&region=SA&focus=product
https://www.sigmaaldrich.com/catalog/search?term=17084-13-8&interface=CAS%20No.&N=0&mode=partialmax&lang=en&region=SA&focus=product
https://www.sigmaaldrich.com/catalog/search?term=9004-32-4&interface=CAS%20No.&N=0&mode=partialmax&lang=en&region=SA&focus=product
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US) were used to calibrate the ICP-OES instrument, namely, 2% (v/v) solutions of K, Na 

and Ni at different concentration ranges. 

6.3. Electrochemical and Structural analysis 

6.3.1. Batteries Assembly 

For the purpose of elemental quantification, the electrochemical cell was assembled in 

Swagelok format using K foil as a counter/reference electrode and 30 mg of carbon powder 

as a working electrode. Carbon powder was used as is, without any processing and the 

intercalation/de-intercalation of potassium was done at 10 mA g-1.  

For verifying the electrochemical performance, the working electrode was prepared by a 

slurry method. The slurry, containing 80 wt% of carbon, 10 wt% acetylene black and 10 

wt% sodium carboxymethyl cellulose (NaCMC), was mixed with deionized water and 

stirred overnight in order to homogenize it, after which it was coated on Cu foil and then 

dried overnight at 70°C under vacuum. The electrochemical evaluation was then done in 

coin cell format using K foil as a counter/reference electrode. For comparison purposes, a 

“powder” coin cell was assembled by sandwiching GC powder between the separator and 

the current collector. 

All electrochemical measurements used a Celgard 2325 microporous polymer separator 

and 0.8 M KPF6 in EC:DEC = 1:1 (v/v) electrolyte. All electrochemical measurements 

were done at ambient conditions on electrochemical workstations (VMP-3 and BCS-810, 

Biologic, France) 
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6.3.2. XRD 

The active material was placed on an air sensitive XRD holder and the structural analysis 

was carried out by powder X‐ ray diffraction (XRD) on a Bruker D8 ADVANCE and using 

a Cu Kα radiation (λ = 1.54 Å) at a scan rate of 5 deg min−1 and increments of 0.02°.  

6.3.3. Raman Spectroscopy 

The active material was placed between two glass slides that were closed with scotch-tape 

and the Raman spectra were recorded on a Witec alpha 300 RA with a 532 nm solid‐ state 

laser. 

6.3.4. NMR Spectroscopy 

For the 1D 13C MAS NMR a known amount of sample was filled into zirconia rotors inside 

and recorded on a Bruker AVANCE III spectrometer operating at resonance frequencies 

of 100 MHz, and using a conventional double resonance 4 mm CPMAS probe. The 

spinning frequency was set 10-15 kHz. NMR chemical shifts are reported with respect to 

TMS as the external reference. Spectra were recorded by a spin echo pulse sequence (pulse 

length 3.4μs) with four-phase alternation synchronized with the spinning rate for the MAS 

experiments to delete all background signals from the probe. The inter scan delay was set 

to 15 s to allow the complete relaxation, and 5,000-30,000 scans were performed. An 

apodization function (exponential) corresponding to a line broadening of 80 Hz was 

applied prior to the Fourier transformation.  

1D 39K MAS NMR experiments were recorded on a 21.1 T Bruker AVANCEIII 

spectrometer with a double resonance 4 mm MAS probe and an MAS frequency of 10 kHz 
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with short pulse (π/12 with a pulse width of 1 𝜇s and repetition time of 1 s. One dimensional 

31P MAS solid-state NMR spectra were recorded on Bruker AVANCE III spectrometers 

operating at 400 MHz resonance frequency for 1H with a conventional double resonance 4 

mm CP/MAS probe at a spinning frequency of 10 kHz. 31P NMR chemical shifts are 

reported with respect to the external references Na2HPO4·2H2O (6.6 ppm). The following 

sequence was used: 90° pulse (pulse length 2.5 μs). The delay between the scans was set 

to 4 s to allow the complete relaxation and the number of scans ranged between 3 000 - 10 

000. An exponential apodization function corresponding to a line broadening of 80 Hz was 

applied prior to Fourier transformation. 

One dimensional 19F MAS solid-state NMR spectra were recorded on Bruker AVANCE 

III spectrometers operating at 600 MHz resonance frequency for 1H with a conventional 

double resonance 2.5mm CP/MAS probe at a spinning frequency of 30 kHz with pulse 

(π/12 with a pulse width of 2.5 𝜇s and repetition time of 2 s. 

6.4. Alkaline Oxidation 

The active powder was removed from the Swagelok cell. After was dried in vacuum at 200 

⁰ C in order to remove the electrolyte. The Pt crucibles were thoroughly washed with a 

diluted acid solution for 1 h and then cleaned with 70% (v/v) ethanol. The fusion blank 

(control) was prepared by weighing 100 mg of the flux. The fusion sample was prepared 

by adding around 10 mg of the active material to 100 mg of the flux (1:10 ratio) and 

carefully mixing these, inside the Pt crucible, with the assistance of a vortex. The crucible 

was then taken to the furnace (Claisse LeNeo, Malvern PANalytical) where the melting 
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process started at 1050 °C and lasted for 6 min. For the ICP-OES analysis, the crucible was 

tilted and the melt dropped into a polypropylene beaker filled with a 10% HNO3 solution.  

6.5. ICP-OES Analysis 

For the ICP-OES measurements, an Agilent 5110, bearing a synchronous vertical dual-

view configuration and a wavelength window between 167 and 785 nm, was employed. 

The instrumental parameters used are listed in Table 4.  

Table 6.1.Operating Parameters for ICP-OES 

RF Power 1.20 Kw 

Plasma Ar gas flow 12.0 L/min 

Auxiliary Ar gas flow 1.00 L/min 

Nebulizer gas flow 0.7 L/min 

Stabilization time 15 s 

 

6.6. INAA  

The whole portion of each material was first homogenized by an agate pestle and mortar 

to make sure that the test portions for INAA and IBA are representative of the whole 

material. The pestle and mortar were carefully cleaned after each sample by water, paper 

tissue and ethanol to avoid cross contamination. 

Approximately 20-mg test portion of GC, d-GC(s) and c-GC(s) were heat sealed into 

irradiation capsules made from two PE discs (diameter 20 mm, disk thickness 0.15 mm). 

All PE discs were leached with dilute subboiled nitric acid (1+5) and deionized water prior 

to their use. Empty capsules made from the same PE discs were irradiated with the samples 
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for determination of the blank contribution. For quality control of INAA, a set of reference 

materials was used, namely SWCNT-1 (Single-Wall Carbon Nanotube, NRC Canada), US 

NIST standard reference material SRM 1633b (Constituent Elements in Coal Fly Ash), US 

NIST SRM 1547 (Peach Leaves), and UNS Czechoslovakia reference material FM 

(fluorspar powder). The last reference material was especially valuable for its declared high 

fluorine mass fraction. 

Irradiation of the samples, calibrators and blanks with neutrons was accomplished using 

the LVR-15 research reactor (operated by Research Centre, Řež, Ltd). In total, three 

irradiations were performed. Short time irradiation modes included 15-s and 60-s 

irradiation in the channel H1 behind the Be reflector that was followed by decay of about 

25 s and 600 s, respectively. The irradiated test portions were counted 3 cm to 10 cm from 

the HPGe detector end-cup (detector relative efficiency 21 %, resolution FWHM 1.75 keV, 

both for 1.33 MeV gamma line of 60Co nuclide). For quality control FM, SRM1547 and 

SWCNT-1 reference materials were used. They were counted in the same distance from 

the detector as the samples and calibrators. Gold neutron flux monitors were used with 

every irradiation to check the stability of the neutron flux over the irradiation period. 

6.7. Ion-Beam Analysis 

The materials were analysed as a pellet. Starch (Riedel-Häen, analytical grade) was used 

as a fixing agent of the material in the pellet. First, a weighted portion of analyzed material 

and a weighted portion of starch were homogenized by an agate pestle and mortar. About 

6 to 10 mg of analyzed material (if available) and 22 mg of starch were used. The mixture 

was later formed to a pellet by the use of a stainless steel die (hole diameter 6 mm) and a 
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laboratory press (pressure equivalent to 2 000 kg applied). The mixture was sandwiched 

between two PE foils to avoid contamination from the material of the die. Similarly, a pellet 

from 30 mg of starch was prepared for evaluation of the blank signal. 

The pellets were analysed in a multipurpose target chamber simultaneously by the PIXE, 

RBS, and PIGE methods. The proton beam energy was 2.9 MeV and the beam was formed 

to a rectangular shape (3 × 3 mm). The irradiation/measurement was performed for 600 s 

at the beam current of approximately 8 nA (collected charge of about 5 µC). 

Measurements were performed by two Silicon drift detectors (active area 25 mm2) for low 

Z elements and one X-ray HPGe detector (surface area 100 mm2) for high Z elements 

equipped with a 200 µm Mylar attenuation filter. RBS spectra were acquired by ordinary 

PIPS detector (active area 25 mm2) and PIGE spectra with a planar HPGe detector (area 

2000 mm2, active thickness of 20 mm). 

The calculated mass fractions are corrected from the signal of starch used for preparation 

of the pellet. 

6.8. Results  

Two types of KIB cells were assembled which we named “slurry” and “powder”. In the 

first case, all the expected components that make up the anode of an intercalation battery 

cell were present (i.e. active host material, electrolyte, binder and conductive additive). The 

“slurry” cells were used to probe the electrochemistry of the graphitic carbon (GC) host. 

The “powder” cells, on the other hand, provided the source material for the elemental and 

structural studies. To avoid analytical artefacts, some changes to the electrode mixture had 

to be implemented. First, due to signal interference in the Raman and NMR spectra, the 
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binder and the conductive additive were eliminated from the “powder” cells (as both 

contained carbon in their composition and, in the case of the binder, sodium). Second, a 

post-cycling heat treatment was carried out, at 200 oC and under dynamic vacuum, to 

evaporate the organic part (i.e. the organo-carbonates) of the electrolyte. Note that, due to 

the powdery nature of the active GC material and the likelihood of leaching potassium, 

washing with water or other liquid solvents was avoided178. As it will be shown, this 

evaporation step was necessary to eliminate the overly dominant chemical and structural 

NMR signatures of the electrolyte. Finally, we used Swagelok cells (besides coin cells) to 

prepare the “powder” samples. To perform an encompassing analysis of the anode material, 

it was necessary to ensure that enough mass was available. While an electrochemical 

assessment can be performed with only ~1 mg of the active material (via coin cells), for 

the elemental and structural studies more mass is needed. Our Swagelok cells could support 

up to 30 mg of the pristine GC. After cycling, the Swagelok “powders” were collected, 

homogenized and divided in portions. Each portion was analyzed solely with one 

characterization technique, even if this was non-destructive.  

6.8.1. Electrochemical Analysis 

The electrochemical performance of the “slurry” coin cell (its anode material consisting of 

80 wt% of GC mixed with 10 wt% of acetylene black plus 10 wt% of sodium 

carboxymethyl cellulose) was initially evaluated by cycling voltammetry (CV, Figure 

6.1a). The first cycle shows a spurious, strong signal at ~0.6 V, attributed to the formation 

of the solid electrolyte interface (SEI). This passivating solid-state layer is formed at the 

surface of the electrode upon decomposition of the electrolyte. As expected, a pair of 

reversible peaks was also observed. These consisted of a broad oxidation peak, in the 0.2 - 
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0.7 V range, and a weak reduction one, at ~0.2 V. The redox potentials are corroborated 

by the charge/discharge profiles in Figure 6.1b. Charging plateaus are visible at 0.2 – 0.7 

V while the discharge curves show a sloping plateau centered at ~0.2 V.  

 

Figure 6.1. Electrochemical performance of the coin cells. (a) slurry, cyclic voltammetry, 3 cycles 

at 0.05 mV/s; (b) slurry, voltage profiles (acquired after the CV), 3 cycles at 50 mA/g; (c) slurry, 

cycling stability, 100 cycles at 50 mA/g; and (d) powder, voltage profiles (without the 0th cycle), 

5 cycles at 50 mA/g. The intercalation mechanisms are present in all cases, with a first charging 

plateau consistently at ca. 0.15 V. 

Curiously, the charging curves contain two plateaus, possibly indicating different charge-

storage mechanisms178. Note that the first discharge, corresponding to the SEI formation 
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(which, hereafter, we refer to as the 0th cycle of the voltage profiles), is absent because the 

cell was activated beforehand through a CV run. Finally, the cycling stability was evaluated 

by charging/discharging the “slurry” electrode at 50 mA g-1 (Figure 6.1c). Despite the 

accentuated drop, a specific capacity of 305 mAh g-1 was achieved after 100 cycles. On the 

whole, these observations confirm those of Zhang et al., who previously probed the same 

KIB system under similar conditions178. As mentioned, another type of KIB cells 

(“powder”) were assembled. Given the absence of the binder and the conductive additive, 

it was necessary to evaluate the electrochemical response of this model system. In 

particular, if potassium intercalation had taken place. Coin cells of wet “powder” (no 

electrolyte evaporation) were assembled and studied. As seen from the voltage profiles at 

50 mA g-1 (Figure 6.1d), there is intercalation at about 0.2 V which agrees with the “slurry” 

coin cell response (see also the first derivative of the discharge plots in Figure 6.2). 
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Figure 6.2. Electrochemical performance for powder coin cell at 50mA g-1: a) charge/discharge 

plots for 5 cycles; b) 1st derivative of the discharge plots; Electrochemical performance for powder 

coin cell at 50mA g-1 including SEI: c) charge discharge plots for first 5 cycles + SEI formation 

and d) 1st derivative of the discharge plots.  

However, two major differences occur. First, the second plateau seen in the “slurry” 

charging process is missing, possibly due to the high rate and lack of the binder/conductive 

additive. Second, the specific capacity obtained is more than one order of magnitude lower 

(2085 mAh g-1 for the “slurry” versus 72 mAh g-1 for the “powder”, at the third cycle 

discharge). This is explained by the lack of binder and conductive additive which leads to 
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loss of electrical contact and de-activation of the host GC material. The missing plateau 

implies that there is less extensive potassium de-intercalation, partly explaining the faster 

capacity decay rate of the “powder” cells. We explored intercalation kinetics as the reason 

for this difference and ran voltage profiles at 10 mA g-1 (Figure 6.3) and 5 mA g-1 (Figure 

6.4). In both cases, the curves were similar and the intercalation potential was confirmed. 

In addition, the capacity changed but not considerably. In these circumstances, to balance 

the time needed for cycling and ensure the appropriate completion of the electrochemical 

process (which for a mass of 30 mg is necessarily slower), the 10 mA g-1 rate was selected 

for the Swagelok cells. Figure 6.5 shows the typical voltage profiles for these larger model 

systems. Compared to the ~1 mg “powder” coin cells, the Swageloks were a lot more 

challenging to stabilize, for which reason a limited number of cycles (three to five) is shown 

for both. Interestingly, two intercalation plateaus were identified, at 0.2 V and 1.7 V. 
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Error! Reference source not found. Electrochemical performance for powder coin cell at 10mA 

g-1: a) charge/discharge plots for 5 cycles; b) 1st derivative of the discharge plots; Electrochemical 

performance for powder coin cell at 10mA g-1 including SEI: c) charge discharge plots for first 5 

cycles + SEI formation and d) 1st derivative of the discharge plots.  

It is possible that, for the 30 mg, there is a higher degree of inhomogeneity (large mass 

pressed together without any binders) so the intercalation occurs at a series of different 

potentials, depending on the local environment (porosity, ion concentration, etc.). 

Nonetheless, the first intercalation process was validated at the expected potential, with 

some de-intercalation also occurring. Hence, albeit with a poor capacity response and lower 
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stability, the cycled “powder” cells may be taken as a first-approximation model of the KIB 

anode material. 

 

Figure 6.4.    Electrochemical performance for powder coin cell at 5mA g-1: a) charge/discharge 

plots for 3 cycles; b) 1st derivative of the discharge plots; Electrochemical performance for powder 

coin cell at 5mA g-1 including SEI: c) charge discharge plots for first 3 cycles + SEI formation and 

d) 1st derivative of the discharge plots.  
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Figure 6.5.a) Typical voltage profiles and b) closer view of discharge voltage profiles for 30 mg 

Swagelok model KIB system. Here, small plateaus are seen at ~0.2 V (along with stronger ones at 

around 1.7 V). 

6.8.2 Elemental Analysis 

A major objective of the present work was to examine the application of the recently 

developed “fusion” sample treatment approach to carbon-based battery electrodes. 

Accordingly, and following the electrochemical assessment, the elemental analysis of the 

evaporated model KIB anode material (Swagelok “powder”) was carried out with INAA, 

IBA and ICP-OES. To simplify, the analysis by fusion ICP-OES focused on a single 

element, potassium. Conversely, with INAA and IBA, the analysis was more 

encompassing. Besides the intercalant alkali metal, phosphorus and fluorine were 

quantified as these were the counter-ion elements in the KPF6-based electrolyte. For this 

reason, the initial measurements were performed at the NPI-Rez, with short irradiation 

mode INAA and two complementary IBA techniques, particle induced X-ray emission 

(PIXE) and particle induced gamma-ray emission (PIGE). Note that these characterization 
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methods are essentially non-destructive and can probe powdered materials in their native 

state. 7 In Figure 6.6. and Table 6.2, mass fractions (wt%) for K, P and F are presented for 

the pristine GC material and the first-cycle Swagelok “powders” (cf. Figure 6.5), in the 

charged (c-GC) and discharged (d-GC) states (uncertainties refer to a 95% confidence 

interval unless stated otherwise). 

 

Figure     Graphic illustration of the concentration levels obtained through INAA (N = 6 for c-GC 

and N = 5 for d-GC) and ICP-OES (N=3 for both c-GC and d-GC) for the c-GC and d-GC 

electrodes. The error bar represents a 95% confidence interval for the average, INAA (the reference 

method, in black), and the ICP-OES, in grey. 

Regarding the pristine GC, PIXE identified a residual amount of K (0.013±0.007 mg/kg, 

at one sigma uncertainty) which agreed well with the fusion ICP-OES measurements 

(0.010±0.004 mg/kg). For the p-block elements (Table 6.2), it was not possible to quantify 
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P (within the limits of detection of the methods used) and F was present in a concentration 

of 0.017±0.005 wt% (as determined by PIGE, at one sigma uncertainty). Next, the d-GC 

was examined. As expected, the mass fraction of K was high, on the order of tens of wt%. 

However, there was a mismatch between the average readings of the INAA (15.40±0.90 

wt%) and fusion ICP-OES (10.92±2.79 wt%). It is apparent from Figure 6.6 that there was 

no intersection of the respective intervals for the two techniques. For P, its concentration 

was also immensely increased, to ~3 wt% (Table 6.2). The same was observed for F, which 

was present at ~12 wt%. Interestingly, these mass fractions correspond well to the 

stoichiometry of the electrolyte anion, where one P is covalently bonded to six F atoms. 

Such a result asserts the chemical stability of the cycled [PF6]-. When compared to the 

discharged cell, the K in the c-GC was quantified at a lower value with INAA (11.1±2.2 

wt%, Figure 6.6). Conversely, the average value provided by the fusion ICP-OES was 

similar in the two types of “powders”, with the uncertainty for these measurements being 

consistently large. For P and F, their concentration remained stoichiometrically consistent 

and increased by approximately 1 wt% and 2 wt%, respectively (Table 6.2). As it will be 

discussed in the structural analysis section, this is understandable in view of the electronic 

interactions that take place between the anion and the GC surface. Briefly, the charging 

step (i.e. de-intercalation of potassium and concurrent extraction of electrons) leads to a 

poorer electronic density at the carbon host. To counterbalance these charge differences, 

more of the [PF6]- moieties will get electrostatically anchored on the GC. 
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Table 6.2.Chemical determination of P and F in the pristine GC, d-GC and c-GC evaporated 

electrodes. Values in wt%. 

1 Average ± 95% confidence interval; 2 Average from duplicate and combined uncertainty from 

single determination 

Overall, the fusion ICP-OES measurements for K provided less reliable results than the 

INAA. While for pristine GC, the readings were conformable, the analysis of the cycled 

“powders” yielded rather inconsistent results with large 95% confidence intervals. Here, it 

is important to recall that each Swagelok cell contained 30 mg of pristine GC and, being a 

model KIB system, these “powder” cells will show some variability in the electrochemical 

processes. The INAA data sets show a large spread, presumably due to a cell-to-cell 

variability, which prevents to indicate whether there is a difference in the mass fractions of 

K for the charged and discharged states, because the 95 % confidence intervals overlap. 

Indistinguishable mass fractions of K were also obtained by ICP-OES. This technique 

seemed to provide somewhat lower results, which are significantly lower for the samples 

with discharged states compared to the INAA data. Apart from the cells’ variability, the 

digestion process of the carbon matrix was, most likely, an added source of error that 

contributed to the biased results. However, the average readings of the fusion ICP-OES 

were of the same order of magnitude as those obtained by INAA, which bears promise for 

future improvements of ICP-OES for analysis of battery electrodes. 

Element Technique GC d-GC (N = 6) 1 c–GC (N = 5) 1 

P PIXE  < 0.03 3.4 ± 0.6 4.2 ± 1.2 

F PIGE  0.017 

±0.005 2 

12.3± 1.9 14.9 ± 4.0 

F INAA  < 0.02 12.2 ± 1.6 15.7 ± 4.0 
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In the Discussion section, the potassium concentrations used (average and uncertainties) 

are those measured by INAA. 

6.8.3. Structural Analysis 

From the above, and resorting to a range of elemental analysis tools, the total mass fractions 

of the alkali metal K and its electrolyte counter-ion elements, P and F, were measured for 

the evaporated “powder”. Further to this, the electrochemical assessment identified the 

presence of intercalated potassium in the wet “powder” cells (coin and Swagelok). Still, it 

was not possible to distinguish the specific mass fraction of the intercalated potassium 

species. To do so, complementary analytical methods had to be used. A first insight on the 

structure of the host carbon material (in its pristine, charged and discharged states) was 

obtained by powder XRD and Raman spectroscopy. Afterwards, a multi-nuclear solid state 

NMR study probed the chemical environment of the GC, as well as all the inorganic 

elements of the electrolyte (K, P and F). 

6.8.3.1. Powder XRD 

In Figure 6.7, the diffractograms of the pristine GC, d-GC and c-GC are plotted alongside 

with that of a KC8 commercial sample. This air-sensitive graphite intercalation compound 

acted as an external reference, not just for the XRD but also for the NMR analysis. Its 

pattern shows four well-defined peaks at 2θ = 16.6⁰ , 20.5⁰ , 30.1⁰  and 33.6⁰ . Their 

position and relative intensity corroborate well with the presence of two species, a 

predominant KC8 compound (stage 1) and a minor fraction of KC24 (stage 2)168. For the 

pristine GC, only one broad peak was seen at 26.5⁰ , attributed to the 002 basal planes of 

hexagonal graphite and corresponding to a d-spacing of 0.336 nm186. As per the Scherrer 
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relation, (Annex2) the size of the GC crystallites was 6 nm. After the evaporation step, the 

difractograms of the d-GC and the c-GC “powders” were very similar, not just in the 

number and position of the peaks but also in their intensity relation (Figure 6.7).  

 

Figure 6.7    XRD of the pristine GC (blue), KIB in discharged state (dark blue), KIB in charge 

state (purple) and KC8 (green). Accordingly, the peaks at 16.6 and 33.6 correspond to the planes 

(004) and (008) of KC8 1 and the peaks at 20.5 and 33.6 to the (002) and (003) of KC24.2 

Besides the characteristic 002, there were four additional signals at 2θ = 19.7⁰ , 22.8⁰ , 

32.2⁰  and 38.3⁰ . The second of these was particularly sharp and intense, potentially 

implying an anisotropic morphology (e.g a coating thin film). A literature search confirmed 

that the entire set can be attributed to the (11-1), (020), (2-20) and (1-31) planes, 

respectively, of KPF6 (with space group Fm-3m, see Figure 6.8). 187 Note that the peak at 

32.2o is made up of two components. It is possible that one of them refers to the GC, more 
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specifically, to its intercalation compound. 1 Still, given the lack of a complementary signal 

at lower angle, the presence of intercalated potassium is unclear.  

 

Figure 6.8.Diffractogram for KPF6 salt, space group Fm-3m. (file from NIST Inorganic Crystal 

Structure Database, NIST Standard Reference Database Number 3, National Institute of Standards 

and Technology, Gaithersburg MD, 90617, DOI: 10.1016/S0022-1139(99)00155-4, (retrieved 

[05.10.2020]0.)  

 

6.8.3.2. Raman Spectroscopy 

Raman spectroscopy is a very sensitive and informative structural characterization tool for 

carbon materials188. Under certain circumstances, it can identify graphite intercalation 

compounds in battery electrodes165, 180. The pristine GC showed three bands (Figure 6.9). 

The first, was the so-called D-peak, at 1345 cm−1, which is activated in the presence of 

defects in the sp2-C lattice. Then, the G-peak, at 1570 cm−1, the typical fingerprint of 



148 
 

graphitic materials, and the 2D-peak, at 2700 cm−1, this one originating from the second 

order zone‐ boundary phonons178. The spectrum points to a carbon material with a 

graphitic stacking but a fair degree of disorder (the ID/IG ratio is 0.95), in agreement with 

the XRD results and a previous report178.  

 

Figure 6.9. . . . Raman of the pristine GC (blue), d-GC (dark blue), c-GC (purple).The peaks with 

* are relative to the KPF6 salt.  

The small crystallite size and lattice N-doping178 explain the high ratio value. For the 

discharged and charged dry “powders”, the spectra changed (Figure 6.9). First, the 

presence of an additional peak at 743 cm−1, attributed to the anion of the electrolyte salt 

[PF6]- 189. Its intensity varied across the samples, a fact explained by the non-homogenous 

distribution of the evaporated salt. Commonly, the best fingerprint of a graphite 

intercalation compound in Raman is the presence of a split in the G-band. However, this 

takes place under very particular conditions and it is best identified with in-situ methods. 
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180 While the split was not observed, other changes were noticeable that point to 

intercalation. 

 

Figure 6.10.    Zoomed D and G bands. It is possible to see a small shift on the G band taking the 

G band in pristine GC at 1570 cm-1. This shift is more prominent in the c-GC. 

For instance, taking the G-peak of the pristine GC as a reference (at 1570 cm-1), shifts of 6 

cm-1 and 10 cm-1, were measured for the discharged and the charged cases, respectively 

(see also the enlarged spectra in Figure 6.10). In addition to this, the profiles of the D- and 

G-peaks in the two samples are different. In the charged cell, the broader bands can be 

interpreted as a sign of higher disorder of the crystallites stacking (via poor graphene 

registration, gallery collapse upon potassium withdrawal, etc.), an idea corroborated by the 

absence of a 2D-peak. It is known that changes in the electronic states of the graphene 

layers - in the present case due to (de-)intercalation of electroactive ions and corresponding 
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charge transfer phenomena, will result in variations of the 2D peak position and 

intensity190,180.  

6.8.3.3. NMR Spectroscopy 

In the above structural analysis of the dry “powders”, we could confirm the fairly graphitic 

lattice arrangement of the active carbon material, how it changed with the electrochemical 

cycling and the presence of the evaporated KPF6 salt. To strengthen the structural evidence 

of intercalation and shed light on the chemical environment of the crystalline salt, multi-

nuclear solid state NMR studies were performed. First, the 13C nucleus was analyzed 

because there were several substances containing this element in the “powder” cells, 

namely the two organo-carbonates in the electrolyte and the active electrode material (GC). 

Next, the nuclei 39K, 19F and 31P were examined with the purpose to understand their 

location in the GC lattice. 

13C analysis 

Figure 6.11 shows the 13C solid state magic angle spinning (SS-MAS)-NMR spectra of the 

pristine GC and the electrolyte, along with their “powder” cell mixtures, in the charged and 

discharged states. 
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Figure 6.11.13C SS MAS NMR spectra of: (a) the pristine GC (*side-bands), (b) the electrolyte, (c) 

the KIB in the discharged state (with electrolyte), (d) the KIB in the charged state (with electrolyte), 

(e) the KIB in the discharged state (after evaporation of the electrolyte), and (f) the KIB in the 

charged state (after evaporation of the electrolyte). 

The spectrum of the pristine GC has just one resonance, situated at 115 ppm (Figure 6.11a). 

This chemical shift is typical of C=C bonds, a signature of carbon materials with dominant 

sp2 hybridization191-192. The analogous control spectrum for the electrolyte, composed of 

KPF6 in a mixture of ethylene carbonate and diethyl carbonate, shows three sharp and well-

separated peaks (Figure 6.11b). At 156 ppm, 64 ppm and 13 ppm, these are attributed to 

the moieties C=O, CH2O and CH3, respectively, as expected from the chemical formulas 

of the carbonates193. In Figures 6.11c-6.11f, the spectra of the “powder” cells correspond 

to the charged and discharged mixes, before and after the electrolyte evaporation. For the 

discharged state in the presence of the electrolyte (Figure 6.11c), the spectrum shows four 
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sharp resonances. With the exception of the peak at 124 ppm, the chemical shifts 

correspond well with those of the electrolyte. The additional peak is within the interval for 

aromatic C=C bonds and, therefore, relates to the GC. The 9 ppm downfield shift is 

explained by the higher electronic density around the C nuclei, a result of the GC 

interaction with the electrolyte and its ionic charge carriers. In fact, doping of graphite with 

potassium is known to enhance its electrical conductivity161, 194.  Also quite visible is the 

higher relative intensity of the C=O peak (156 ppm) when compared to that in the 

electrolyte. This points to lower mobility of the carbonate species in the discharged wet 

“powder”. In Figure 6.11d, the spectrum of the charged “powder” embedded in the 

electrolyte shows a very different profile. Two broad resonances were observed, at 152 

ppm and 64 ppm, the latter having a shoulder at 13 ppm. These shifts correspond well with 

those of the electrolyte. Notice, however, that it is not possible to distinguish the aromatic 

C=C signal. The gross peak-width differences of the electrolyte’s C nuclei in the 

discharged and charged samples could be reasoned attending to a charge imbalance at the 

GC surface. In the electrochemical cycle, the first step is the discharge whereby the host 

carbon is infiltrated by the potassium cations. Upon charging, the reverse process takes 

place. In the present case, withdrawing of the cation species will decrease the GC electronic 

density and destabilize the chemical and electronic environment of the fraction of surface-

adsorbed organo-carbonates. As a result, a 4 ppm upfield shift is seen on the C=O 

resonance along with the enlargement of the NMR peaks, especially visible for the CH2O 

signal161, 195.  

In the above, there was a clear dominance of the electrolyte signals in the 13C NMR spectra 

(also applicable for the 39K NMR spectra, as it will be shown next). In fact, it was this 
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observation that prompted us to evaporate the electrolyte and design the dry “powder” cells 

(which constitute the basis of the present work). In Figure 6.11e, the spectrum 

corresponding to the discharged state of the evaporated electrode shows a broad signal 

centered at 123 ppm and a smaller shift at 170 ppm. The first matches the aromatic C=C 

peak of the wet discharged electrode (Figure 6.11c) and confirms the downfield shift 

caused by the interaction of the electrolyte and its ionic species with the GC. The second 

peak was attributed to the remainders of the carbonates (C=O resonance). The downfield 

shift of 14 ppm from the analogous C=O peak in the wet discharged “powder” is 

considerable. One reason could be the carbonates break-up and subsequent grafting of their 

ester moieties onto the GC surface. Thus, the organic part of the electrolyte, i.e. the diethyl 

carbonate (with a boiling point of 126 oC)196 and the ethylene carbonate (boiling point = 

248 oC)197, was successfully reduced but not entirely eliminated. Overall, and as the XRD 

and the Raman confirmed, it is mostly the inorganic KPF6 salt that remained in the dried 

“powder” material. For the charged state (Figure 6.11f), the evaporated electrode had a 

broad peak centered at 119 ppm and a second shift at 162 ppm. Again, these match well 

the aromatic C=C and carbonates peaks. However, there was a clear upfield shift from the 

discharged cell. The difference of the carbonate shift relates well with that seen in the wet 

“powders” (cf. Figures 6.11c and 6.11d). Here, it is likely that the potassium withdrawal 

resulted in a poorer electronic density of the GC. Briefly, the charged state leads to a poorer 

electronic density at the surface and layers of the GC, which is reflected in upfield shifts 

of the aromatic C=C peaks (masked by the presence of the electrolyte) or broadening of 

the electrolyte peaks. The shape and width of the C=C peaks in the pristine GC is similar 

to these samples where the electrolyte organics is mostly absent. Note there is no major 
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change to the lattice structure of the GC particles (as confirmed by XRD). For the 

electrolyte, however, the GC surface charge imbalance was critical and entirely changed 

its spectrum profile. Overall, the evaporation step reduced the amount of organics in the 

electrolyte/SEI and resulted in an increased C signal visibility for the GC material. The 

chemical shifts observed corroborate the data from INAA and Raman in regards to the 

concentration and intercalation of potassium. 

39K analysis 

In the previous paragraphs, the information extracted from the 13C NMR confirmed the 

sp2-C nature of the GC used in the Swagelok cells and strengthened the hypothesis of 

having intercalated potassium in these model electrode “powders”. Still, and in contrast to 

the electrochemical profiles, the aggregated structural data from XRD, Raman and 13C 

NMR did not provide direct and indisputable evidence of the alkali cation’s location in the 

host carbon lattice.  

In 2007, Ripmeester et al. showed that the window of chemical shifts for the 39K nucleus 

in solid state NMR ranged from about −60 ppm to +60 ppm. 198 Ever since, the study of 

the 39K nucleus by solid state NMR has been growing in popularity but the number of 

spectral references remain meager. In view of this, several control samples were first 

analyzed with 39K MAS-NMR, namely the KPF6 salt, the KPF6/EC:DEC electrolyte and 

the commercial KC8 (Figure 6.12).  
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Figure 6.12.    39K SS MAS NMR spectra of the KPF6 salt (a), the electrolyte (b) and the KC8 (c). 

The salt’s spectrum in Figure 6.12a, reveals one single resonance, at 35 ppm. The sharpness 

and symmetry of the peak points to a unique chemical environment for the potassium cation 

and the absence of moisture absorption. Remarkably, the same salt, when mixed with the 

organo-carbonates that make up the electrolyte, results in a dominant resonance at a very 

different chemical shift, -18 ppm (Figure 6.12b). A minor peak is seen at -2 ppm, possibly 

due to a slightly changed solvation sphere. Knowing where to expect the NMR resonances 

for the salt and the electrolyte, the next critical piece of information was the chemical shift 

that corresponds to the intercalation of potassium in graphite. As shown previously, the 

XRD study confirmed the predominance of a stage 1 intercalation compound in the 

commercial KC8 sample. To perform the NMR analysis, the rotor capsule with the highly 

reactive potassium graphite had to be prepared inside a glove box and the 39K spectrum 

acquired without delay. In Figure 6.12c, it is visible a broad and fairly symmetrical signal 

centered at -39 ppm. When compared to the other two substances, the worse definition of 

the KC8 peak could be due to the structural and electronic shielding that originates from 

the host graphite (which is electronically charged because of the electron transfer from the 

alkali cation). 
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Following the above, the electrochemically cycled GC “powders” were analyzed (1st cycle, 

as defined), in wet- and dry-electrolyte conditions (Figure 6.13). Upon the discharge of the 

wet electrode, the 39K MAS-NMR spectrum showed a single resonance at -16 ppm (Figure 

6.13a). The shape and shift of this peak is clearly related to that of the electrolyte in Figure 

6.12b. Likewise, for the first charge of the wet electrode, the spectrum contains the same 

peak from the electrolyte, at -16 ppm (Figure 6.13b). However, there is a second resonance, 

at 57 ppm. This shift is closer to the salt’s reference peak, at 35 ppm, than the one for the 

potassium intercalation (-39 ppm), and it is attributed to the formation of the 

aforementioned SEI. Therefore, the potassium in the SEI will be in an environment closer 

to the inorganic salt albeit structurally less-ordered and subjected both to the carbonates 

presence and the GC electronic surface states. Such would justify a 22 ppm downfield shift 

of the 39K signal. 
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Figure 6.1339K SS MAS NMR spectra of the KIB in discharged state with electrolyte (a), the KIB 

in charged state with electrolyte (b), and the the KIB in discharged state without electrolyte (c) and 

the KIB in charged state without electrolyte (d) 

Just as the analysis of the 13C NMR spectra had shown, the presence of the organo-

carbonates in the electrolyte masked the 39K NMR signal originating from the intercalated 

potassium. Consequently, the cycled “powders” were also examined in the dry state 

(Figures 6.13c and 6.13d).  With the organic part of the electrolyte almost eliminated, two 

well-defined resonances were uncovered, at 48 ppm and -39 ppm. Their location was equal 

for the discharged and charged samples, differing merely on the peak area ratio. Note that 

a key advantage of NMR spectroscopy is that it is semi-quantitative, i.e. the areal 

integration of peaks (in the same 1D spectrum) is correlated to the concentration of the 

different chemical moieties in it. Hence, whilst the dry d-GC had an upfield signal that 

represented 97% of the total peak area, this value decreased to 95% in the dry c-GC. 

Referencing to the KC8 spectrum (Figure 6.12c), the sharp and intense resonance centered 

at -39 ppm is a clear indication of potassium intercalation into the layered GC structure. It 

is remarkable that despite the lower graphitization degree of the GC (compare the XRD 

patterns in Figure 6.7), its intercalation peak is much better defined than that of the KC8. 

Two possible reasons assist this observation. First, the (possible) partial decomposition of 

the highly sensitive potassium graphite during transport and spectrum acquisition. Second, 

the presence of a solid KPF6–like coating on the dry GC powders which is corroborated by 

the downfield peak, at 48 ppm (this shift is half-way through the interval of the ionic salt’s 

and the SEI peaks) and the XRD data. Besides chemically passivating the intercalation 

compound (by shielding it from direct contact with air moisture and oxygen), the ionic 
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coating (absent in the KC8 calibration sample) could contribute to balance the higher 

electronic density in the carbon layers. This charge re-distribution would ultimately lead to 

a decrease of magnetic shielding and the subsequent 39K signal enhancement of the 

intercalated potassium. 

31P and 19F analyses 

One unique specificity of graphite as an intercalant host is bimodality, i.e. it can accept 

electron donor and acceptor species. As seen from the electrochemical and structural 

studies, the active GC in the “powder” Swagelok cells could accept the alkali metal 

(donor). To dismiss bi-intercalation phenomena and understand the function of the anion 

[PF6]-, both 31P and 19F MAS-NMR spectra were acquired for the KPF6 salt, the dry d-GC 

and the dry c-GC. In Figure 6.14, the spectra for the phosphorus nucleus in the different 

samples are shown. The quintuplet that characterizes the hexafluorophosphate anion is 

quite noticeable,199 especially for the dry d-GC sample (Figure 6.14b).  

 

 

Figure 6.14.        31P SS MAS NMR spectra of the KPF6 salt (a), the dry d-GC powder (b) and dry 

c-GC powder (c). 
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While the chemical shifts were constant, the definition of the quintuplets differed. Beyond 

structural ordering considerations (which would predict more defined ionic sites and 

sharper peaks in the salt), the electronic interaction of the [PF6]- anion with the carbon 

layers (and changes to the concentration of intercalated potassium) may also have affected 

the resonances’ outline. For the 19F NMR (Figure 6.15), the same happened, with the salt 

and the cycled powders showing similar spectra. Two resonances were identified (-74 ppm 

and -75 ppm), their position and intensity relation being well in agreement with the relevant 

literature.200  

 

Figure 6.15.        19F SS MAS NMR spectra of the KPF6 salt, (a), the dry d-GC powder (b) and dry 

c-GC powder (c). 

 

Interestingly, the broader 19F signals in the discharged state (Figure 6.15b), mirror the 

sharper 31P resonances of this sample (Figure 6.14b). This is logical since the higher 

concentration of potassium in the dry d-GC will enrich the electronic density of states of 

the carbon layers. The electron cloud of the surface-adsorbed fluorine will be repelled from 

the negatively charged carbon, an effect that cascades to the phosphorus nucleus. The end 

result is a response where the 31P and 19F resonance widths are inversely related (this also 

occurs in the dry c-GC powder, cf. Figures 6.14c and 6.15c). On the whole, the 31P and 19F 

NMR spectra confirm the existence of electronic interactions between the [PF6]- anion and 
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the GC material. This adds to above-mentioned explanation for the lower reactivity and 

sharper 39K NMR peaks of the cycled “powders” in comparison with the KC8 compound. 

On the whole, the constant shifts and the absence of additional resonances from the ones 

seen in the salt excludes the possibility of an acceptor type bi-intercalation by [PF6]-.  

6.9. Discussion  

The above work was made as a first approximation to establish a method whereby the mass 

of an intercalated alkali cation in the galleries of graphitic carbon could be estimated. With 

this in mind, there are a number of questions still to address. In this pioneering study, two 

vectors have been explored: 

First, the use of a technique that can provide the most reliable elemental quantification of 

the alkali cation and its counter-ion; and second, the use of structural methods to understand 

whether it is possible to distinguish the intercalated potassium from other lattice locations 

in the graphitic carbon material and establish a proportion for the same locations (semi-

quantification). 

As described, several approximations had to be made. The main one was the use of a model 

electrode mix for the chemical and structural analyses which we named “powder”. 

Quantitatively, its electrochemical behavior was less than ideal but, in essence, it 

reproduced well the first intercalation step of the “slurry” coin cells. In addition, the fast 

capacity decay is most likely a consequence of potassium trapping, thus the similar XRD 

and 13C NMR. Initially, we were forced to design this model “powder” to eliminate the 

contribution of the carbon signals (for the XRD, Raman and 13C NMR analysis) that would 

come both from the binder and the conductive additive. Only then, could we uncover the 
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electrolyte’s and the graphitic host’s C NMR peaks. Further on, the “powder” mix had to 

be dried. The electrolyte was evaporated to proceed with the 39K NMR analysis, as 

otherwise we would not have been able to uncover the intercalated potassium NMR peak. 

Possibly, if we had not been worried about the C signals and knew before-hand the location 

of the intercalant resonance, it is likely that a full electrode mix could have been analyzed 

for the 39K NMR study.  

Apart from the design of the “powder” material, note that each Swagelok cell constitutes a 

different sample. This means there will be variability on the uptake and distribution of 

potassium in the graphitic host. We observed this mainly from the elemental analysis where 

several cells were analyzed individually and a dispersion of absolute mass values for 

potassium were obtained. While this will not affect the location of the K peaks in the NMR 

spectra, it will change the relative proportion of the surface-to-intercalated potassium 

peaks. In the present study, we did not develop the procedure on a cell-by-cell approach. 

To perform the INAA/IBA, ICP-OES, XRD, Raman and NMR assessments more than 30 

mg of the powder were required (i.e. more than the content of one Swagelok cell). In the 

future, knowing where to expect the carbon and potassium signals, it will be possible to 

undertake a stripped down analysis of INAA/IBA and NMR, wherein just one cell would 

suffice.  

In parallel to the quantification of the intercalated potassium, a second objective was 

pursued. The INAA is a primary metrological method but one hardly accessible to the 

majority of research labs around the globe. Therefore, and in line with our previous work 

on carbon materials, we explored the use of fusion ICP-OES as a proxy for the alkali 
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quantification. As the results showed, the success of this approach was not entirely 

satisfactory. It is possible that the need to take samples from different Swagelok cells 

contributed to this. Whilst more work is necessary on the individual cell approach, the 

method points a way to expand the procedure described to every laboratory in the world 

that has access to ICP-OES and SS-NMR. 

Finally, the correlation of the mass fractions for potassium (wt%) measured with INAA 

and the relative proportion (%) of the 39K NMR intercalation peak, allows us to estimate 

the mass of intercalated potassium for a particular “powder” cell. For the discharged 

sample, there was 97% of potassium intercalated and a total of 154000±9000 mg of 

potassium per kg of the dry “powder”. Considering the uncertainty interval obtained from 

the absolute value, and attending to the intercalation percentage, it is expected a potassium 

mass varying from 4.2 mg to 4.7 mg for the 30 mg of GC used to make the Swagelok 

electrode. As for the charged sample, the mass range would be from 2.8 mg to 4.4 mg per 

30 mg of GC. These estimates are, to our knowledge, the first time that a direct 

quantification is carried out for the mass of an intercalated alkali metal on an 

electrochemically cycled graphitic powder. 
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6.10. Conclusions 

Obtaining bulk-scale quantitative data on the concentration and location of elements in 

intercalation batteries is a formidable obstacle that is worthy of investigation. Using a 

recently reported intercalation-type KIB, we have suggested a novel path to directly 

quantify the active alkali metal and identify its location within the host structure. The 

application of fusion ICP-OES to the chemical analysis of battery electrodes was also 

explored but large uncertainties resulted due to cell-to-cell composition inhomogeneity. In 

this proof-of-concept, several approximations were made such as the bulk production of a 

stripped down electrode mix and the post-cycling evaporation of the electrolyte. These 

steps were necessary to unmask the spectroscopical signals of potassium and ensure 

enough mass for the different analytical tools used. On the whole, and relying on the 

complementary data provided by INAA and NMR, it was possible to estimate a mass 

interval for the intercalant in a graphitic host material. We believe this method can be 

optimized and extended to not just reduce the uncertainty seen for the ICP-OES readings 

but also to address other battery chemistries. Eventually, full electrode mixtures could be 

considered as long as the NMR resonance of the intercalant species can be identified in a 

dried slurry sample.    
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CHAPTER 7  

 

7.1. Thesis Conclusions and Outlook 

In a time where many denounce the existence of a reproducibility crisis in R&D, the 

importance of Metrology is undisputable. Accordingly, the leitmotiv for this dissertation 

was an identified need to perform quantitative elemental analysis of nanocarbon materials 

at mg to g levels. The know dispersion in methods and uncertainties of technical sheets and 

scientific communications to address this issue has long been a concern for the carbon 

community. At instances, this has led to much disappointment as ca. 1,000 USD/g 

chemicals were observed not to conform to the vendors’ labels and customer expectations.     

In this dissertation, a new method has been developed and validated for the elemental 

analysis of bulk quantities of nanocarbons. In a proof of concept, this was followed by its 

application to a carbon-based battery electrode, illustrating its potential to address also an 

industrial metrology need. To reach this stage, the entire project was built stepwise, as 

described in the four results chapters whose main conclusions are summarized next.  

In Chapter 3, the novel method was introduced to carry out pre-treatments of nanocarbon 

powders, i.e. the so-called fusion, also known as molten salt oxidation. Here, the use of a 

certified carbon material was of primordial importance, and the SWCNT-1 from NRC was 

seen to interact very well with the selected lithium borate salt. In short, roughly 15 min of 

melt exposure (at temperatures > 1000 ⁰C) and subsequent dissolution in diluted nitric acid 

(for 20 min) was seen to be an acceptable approach to quantify the three main elements 

that constituted the catalyst system of the SWCNT-1. Recoveries in excess of 80% 

indicated the success of the method. Structural analysis confirmed there was no 
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interference of the salt on the carbon network and therefore there was no formation of other 

solid carbon species such as carbides.  

In Chapter 4, continuing with the SWCNT, a different protocol for the fusion was explored. 

It is well known that the single-wall carbon nanotubes can be synthetized resorting to 

different transition metal catalyst systems. In order to better understand the effect of 

different variables such as melt exposure time, melt temperature and the type of borate 

flux, a sodium tetraborate salt was used on four SWCNT powders. It was found that, 

depending on the catalyst system employed, the fusion temperature imprinted a different 

effect. For those samples using a Co-Mo catalyst, a lower temperature was sufficient. For 

the one sample produced via a Fe catalyst, the best recoveries were obtained at a 

comparatively higher temperature (1050 oC). With this, we could understand that the 

optimization of fusion parameters must consider not just the flux variables (composition, 

temperature) but also the target elements and the nature of the metal remainders in the 

nanotube samples.   

In Chapter 5, the fusion was applied to three distinct commercial carbon powders, namely 

carbon black, SWCNT, and (expandable) graphite. These are all relevant materials for 

electrochemical applications (energy storage and conversion systems) and bear varied 

textural orientation (point, radial, and planar). Here, one key objective was to figure out 

the versatility of fusion, targeting the quantitative chemical analysis of the transition metals 

in the different carbon allotropes. The presence of metals in carbon for electrochemical 

applications is a relevant issue. If they integrate the carbon materials used for electrodes 

assembling, their presence may alter the electrochemical response of the battery. It was 
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found that - with the exception of the carbon black -, clear solutions could be obtained and 

elemental recoveries >90% achieved (benchmarked with the INAA elemental analysis). 

Thanks to the morphological (electron microscopy) and structural (SS-NMR) studies it was 

possible to shed light on the degree of disintegration for both graphite and SWCNT (being 

graphite more resilient to the melting process). It was concluded that the interactions 

between the lithium metaborate salt and the carbon network were minimal beyond the 

expected oxidation process. 

Finally, in Chapter 6, and after the fruitful results obtained in the previous chapters, a 

decision was made to apply the fusion methodology to more complex solid mixtures, 

namely (un)cycled battery electrodes. In spite of the development of the batteries field, 

their chemical analysis is still sketchy.  More specifically, a targeted analysis of the 

intercalation compounds might be very useful to understand the mechanistic operation of 

the battery, or, in a competitive industrial setting, to perform reverse engineering of battery 

systems. In this sense, a lithium metaborate fusion was applied to dissolve electrodes in 

charged and discharged states, with the objective to quantify the intercalated metal, 

potassium. The performance of the electrodes was evaluated through CV and GPCL. The 

chemical analysis was then performed as usual, through ICP-OES, whose values again, 

were benchmarked with INAA. Through a combination of INAA and 39K MAS SS-NMR 

studies, it was possible to determine the mass of potassium present in the charged and 

discharged states of the electrodes. XRD, Raman spectroscopy and SS-NMR studies also 

provided structural evidence that there is no significant difference between the charged and 

discharged states of the graphitic carbon host. However, it was evident that the potassium 

could be divided into two fractions, one on the surface of the active carbon and the other 



167 
 

relating to the intercalated species. In these circumstances, it was possible to estimate, for 

the first time, the mass of intercalated potassium in the galleries of a graphitic carbon 

powder.    

In conclusion, fusion has been shown as a simple, fast and efficient method to prepare 

sturdy carbon materials for elemental analysis with ICP-OES. When compared to other 

available sample preparation methods, fusion reveals several advantages: the reaction times 

are short (<10 min), the process is straightforward, it avoids the use of high-pressure 

autoclaves or toxic oxidizers, the analytes are transferred directly into solution (no need to 

scrap and solubilize ash from a crucible), and, finally, it is suitable for processing the 

heavier samples (i.e. scale-up) that are assessed in industrial production lines.  

As to the outlook for this work, the fact that fusion could be applied for a complex matrix 

such as carbon-based battery electrodes, confirms it as promising approach for sample pre-

treatment in the elemental analysis of technologically relevant products. In fact, there is no 

reason why other types of carbon-based electrodes may not be examined this way. 

Examples include not just other types of batteries (key amongst which the Li-ion systems) 

but also related energy storage and conversion systems such as capacitors and fuels cells. 

In the future, the next steps should look into these as well as consider the assessment of 

larger mass scales (from mg to g). If proven a method that can be used for this wide range 

of applications in the Energy industry then the chemical quantification of pristine and 

cycled carbon-based electrochemical cells would become a much simpler and less 

expensive task. 
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ANNEX 1 

 

 
 

a) Calculation of nanotube diameter, d 

 

The ω 𝑅𝐵𝑀 – diameter relation is often used to determine the tube diameters and the 
diameter distribution in a nanotube sample from Raman scattering: 

 

 

ω 𝑅𝐵𝑀 =
𝑐1

𝑑
+ 𝑐2 201 

 

where c1 and c2 are constants.  
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ANNEX 2 

 
 

a) Calculation of the d spacing, d 

 

 

Upon intercalation of K+ ions on the GC, the corresponding graphitic peak will vanish, 

originating two new peaks corresponding to certain staging. It is then, expected, an increase 

of interlayer distance. In fact, the interlayer distance, d, and crystallite size might give some 

insights regarding the intercalation process efficiency. In this sense, the calculation of the 

d spacing can be done through Bragg’s Law, by the following equation: 

𝑑 =  
𝑛λ

2sin (θ)
 

Where 𝜆 is the wavelength of X-ray, 𝜃 the angle of incidence of the X-ray and 𝑑 the spacing 

between two atomic layers in a crystalline sample (𝑛 refers to the order of reflection).  

 

b) Calculation of the crystallite size, Lc 

 

As for the crystallite size (Lc), it can be estimated through the Scherrer equation: 

𝐿𝑐 =  
0.9λ

β cosθ
 

𝐿c refers to the crystallite size along the c-axis, 𝜆 refers to the wavelength of Cu K𝛼 

radiation, 𝛽 is the full width half maximum (FWHM) of a peak in radians,  and 𝜃 the angle 

of incidence of the X-ray. 
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