
Carbon 223 (2024) 118946

Available online 27 February 2024
0008-6223/© 2024 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

Inductively coupled plasma spectroscopy for heteroatom-doped 
carbonaceous materials: Limitations and acid choice for digestion 
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A B S T R A C T   

Heteroatom-doped carbonaceous materials have garnered significant attention in the fields of catalysis, energy 
conversion and storage, and pollutant recovery. However, accurately determining the doping extent remains a 
delicate task in a number of cases (e.g. phosphorus, boron, selenium), often leading to conflicting data from 
different characterization techniques. Inductively Coupled Plasma (ICP) spectroscopy stands out as a routine 
technique; nevertheless, reliable results necessitate appropriate digestion protocols. In this study, we demon
strate on a series of P-doped samples, with P contents ranging from 2 to 14 wt%, how the choice of acids (HCl, 
HNO3, H2SO4) and oxidizing compounds (H2O2) for digestion drastically affects the results, with variations of up 
to 620 %. Though commonly used, aqua regia proved highly unreliable, particularly for P-doped carbon nitrides, 
while piranha solution appeared as a promising alternative, with a precision, i.e. a coefficient of variation, ca. 5.0 
%. The contents deriving from piranha solution digestion were subsequently comforted through X-ray Photo
electron Spectroscopy. We finally put in perspective the use of ICP in terms of sensitivity and accuracy with the 
main analytical techniques employed in literature to determine the element composition of carbon materials.   

1. Introduction 

The introduction of heteroatoms into carbon materials represents a 
widely employed strategy to fine-tune the electronic properties of car
bon nanostructures, and thereby affecting their stability, energy storage 
capabilities, or catalytic activity [1–6]. Nitrogen, oxygen, and sulfur are 
the most frequently encountered dopants; however, recent years have 
seen significant research on phosphorus-doped carbonaceous materials 
and carbon nitrides, particularly for their applications in thermal 
catalysis [7], electrocatalysis [8], and photocatalysis [9]. Their rich 
chemistry arises from the diverse potential environments that phos
phorus atoms can occupy, extending beyond the usual phosphoric acid 
group. X–ray Photoelectron Spectroscopy (XPS) and Nuclear Magnetic 
Resonance (NMR) represent the prevailing techniques for discerning the 
speciation among various chemical species, a crucial aspect for ratio
nalizing catalysis mechanisms or material performance. 

The assessment of the total content holds equally significant 
importance, especially for estimating the density of active sites in 

catalysts or to engage into theoretical modeling. However, the accuracy 
of such measurements is sometimes neglected or overlooked, and the 
associated error margins are seldom reported. In the case of carbona
ceous materials, Scanning Electron Microscopy coupled with Energy- 
Dispersive X-ray Spectroscopy (SEM-EDX) and XPS can provide quan
titative data, but they exhibit limitations in accuracy when dealing with 
light elements. Additionally, sample morphology and heterogeneities 
may introduce significant biases in the results [10–12]. Unlike nitrogen 
(N), oxygen (O), and sulfur (S), where Elemental Combustion Analysis 
(ECA), commonly known as "CHNS analysis", offers more reliable mea
surements with minimal material mass, direct analysis by combustion is 
not possible for materials doped with phosphorus (P), but also boron (B) 
and selenium (Se) [3,13,14]. Consequently, Inductively Coupled Plasma 
(ICP) spectroscopy is the technique of choice due to its limited bias and 
high sensitivity [15,16]. Contrary to all the previously mentioned 
techniques, it nonetheless requires the digestion of the material prior to 
analysis. 

The majority of wet digestion methods involves combinations of 
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acids (e.g. HNO3, HClO4, H2SO4, HCl, HF) and, in certain instances, 
hydrogen peroxide (H2O2) [17–24]. Recently, Gunatilake et al. con
ducted a comparative study on biochars for metal content quantifica
tion, evaluating the efficiency of an open vessel digestion, chosen for its 
convenience, and a microwave-assisted digestion, which allows for 
higher temperatures under pressure [19]. The open vessel digestion 
protocol was successful solely for low-temperature pyrolyzed carbons 
when using an H2SO4/H2O2 mixture. By employing fuming nitric acid at 
180 ◦C in an autoclave, it was nonetheless possible to enhance the extent 
of digestion for the other materials. Costa et al. also attested of the high 
chemical recalcitrance of sp2-rich carbons (carbon nanotubes, graphite, 
graphene) and could not reach total decomposition even when utilizing 
a two-step protocol with a HNO3/H2O2 mixture at 220 ◦C [18]. Addi
tionally, various studies have specifically focused on quantifying metal 
traces in carbon nanotubes and have developed methods based on 
alkaline oxide melt combustion [25], Microwave-Induced Combustion 
(MIC) by oxygen [24], or microwave-assisted oxidation [23,26]. While 
achieving complete digestion of carbon black, biochars, and graphenic 
carbon materials presents considerable challenges due to the immense 
stability of elemental carbon in aqueous solutions, and concentrated the 
research efforts so far [27], to the best of our knowledge, no comparable 
study has been conducted on heteroatom-doped carbonaceous materials 
thus far. 

Despite the importance of the parameters of the digestion step, the 
preparation step of the sample in analytical chemistry is rarely detailed, 
and the field of carbon materials is no exception to that rule. As an 
illustration, out of a selection of 55 articles mentioning the use of ICP for 
elemental composition of carbonaceous materials (29 for B- or P-doped 
carbonaceous materials, 4 for checking the absence of metals, and 22 for 
carbon supported metal-containing nanoparticles), only 12 gave details 
of the pre-treatment of the material prior to ICP analysis (see the full list 
in SI). Of these, 4 mentioned microwave-assisted acidic digestion, 4 
open vessel digestion in concentrated acids, and 4 mineralization of the 
sample in a muffle furnace. These statistics by no means indicate a 
percentage of erroneous results but rather illustrate the frequent lack of 
information given to the readers about digestion protocols when the 
focus is put on the materials performance, unless specific equipment or 
procedures are used. Overall, there is still a likely underestimation of the 
extent of doping in some of these works. 

The primary aim of this study is to assess the significance of the 
digestion protocol for subsequent ICP analysis of heteroatom-doped 
carbons (e.g. P, B, Se). The comparison is made between digestion 
using aqua regia (HCl/HNO3 mixture) and piranha solution (H2SO4/H2O2 
mixture). To achieve this, the digestibility of different carbonaceous 
materials (carbon black, N-and P-doped samples, carbon nitride) was 
first qualitatively evaluated. Then, a series of P-doped materials, 
designed to represent diverse material structures, were synthesized. We 
thoroughly analyzed the reproducibility of measurements and identified 
various sources of errors, along with the underlying chemical processes 
during digestion. As the ICP is the method of choice for determination of 
metals deposited on carbon, we also verified the suitability of the 
different etching for the digestion of a potential metallic part through 
the study of Ni-containing samples. Finally, an overall comparison of the 
common techniques for element content determination in nanomaterials 
is provided in the discussion. 

2. Experimental section 

Caution: all acidic solutions should be prepared, used and disposed of 
with care [28]. The materials syntheses are detailed in the Supporting 
Information. 

2.1. Digestion protocols and ICP 

The samples were dried under vacuum at 150 ◦C overnight and a 
small portion of 10–30 mg was precisely weighed in a 10 mL glass 

volumetric flask. Aqua regia (AR) protocol: 2 mL of HCl 37 % and 1 mL of 
HNO3 65 % were added to in situ form aqua regia (red-brown solution 
with characteristic pungent smell). The mixture was let to react 16 h at r. 
t. and 1 h at 90 ◦C before being diluted to 10 mL with Milli-Q water. 
Piranha solution (PS) protocol: 3 mL of H2SO4 95 % and 1 mL of H2O2 50 
% were slowly added to in situ form the piranha solution (colorless solu
tion with high effervescence). The mixture was heated up to 90 ◦C and 
an extra 1 mL of H2O2 50 % was carefully added while hot after 30 min, 
and another one after 6 h. The solution was left to react for further 16 h, 
then let to cool down and finally carefully neutralized with Milli-Q water 
up to 10 mL. If the sample dissolves, the aspect of the solution evolves in 
the first minutes, but visual differences may be observed up to 16 h 
(typically lightning of the yellow/brown color). ICP: the digestion 
crudes were diluted 10 times before the Inductively Coupled Plasma 
Optical Emission Spectroscopy (ICP-OES) measurement was performed 
with a PerkinElmer ICP-OES Optima 8000. Standard operating condi
tions were used (Plasma power 1300 W, plasma flux 12 L min− 1, 
nebulizer gas flux 0.55 L min− 1, auxiliary gas flux 0.2 L min− 1, sample 
uptake 1.7 mL min− 1, Ar purging of the optical part of the instrument). P 
and Ni were quantified using respectively the 213.6 and 231.6 nm lines 
using an axial plasma view. The instrument was calibrated using stan
dard solutions from Carl Roth with at least three calibration points (0.5, 
5 and 50 ppm): NH4H2PO4 solution for phosphorus and Multi-Element 
ICP Standard Solution IV for nickel. The measurements were per
formed in triplicate. 

2.2. Materials characterization 

XPS measurements were performed using a Thermo Fisher Scientific 
K-Alpha, and data were treated with CasaXPS software. Monochromatic 
X–ray radiation of 1486.6 eV (Al Kα) was used to analyze each material. 
The powders were pressed on a carbon tape deposited on the sample 
holder in order to have a homogeneous layer. Survey scans were ob
tained using a pass energy of 200 eV and step size of 1 eV, with a spot 
size of approximately 100 μm. High resolution spectra of C 1s (280–298 
eV), N 1s (394–404 eV), O 1s (526–545 eV) and P 2p (125–144 eV) were 
recorded using a pass energy of 50 eV and step size of 0.1 eV. The 
binding energy was calibrated against the 284.8 eV peak of adventitious 
carbon (C–C) [29]. Relative Sensitivity Factors (RSF) of 1, 1.8, 2.93 and 
1.19 were used for C, N, O and P, respectively. Unless otherwise stated, a 
Shirley-type background was used and peaks were deconvoluted using 
mixed Gauss-Lorentz sum function line shape GL(30). Powder X-ray 
Diffraction (PXRD) measurements were performed on a Rigaku Smar
tLab diffractometer, using Cu Kα radiation at 1.5406 Å, with steps of 0.1◦

and a scanning rate of 0.5◦ min− 1. Physisorption measurements were 
performed on a Quantachrome Quadrasorb SI apparatus with N2 
adsorption at 77 K after degassing at 150 ◦C during 15 h. The specific 
surface area (SBET) of each material was obtained from the N2 adsorption 
data (P/P0 < 0.2) using the Brunauer–Emmett–Teller (BET) method. 
SEM was performed on a LEO 1550 Gemini Zeiss microscope at 5 keV 
beam energy after sputtering of 5 nm of carbon on top of the samples. 
EDX was performed using an Oxford Instruments EDX analyzer. 

3. Results and discussion 

3.1. Aqua regia vs. piranha solution 

The efficiency of the digestion step of heteroatom-doped carbona
ceous materials with aqua regia (AR) or piranha solution (PS) was first 
qualitatively evaluated on a commercial carbon black, a commercial 
carbon nitride (C3N4), a P-doped sample from phytic acid calcination 
(PA-carbon) and an N-doped one from cytosine calcination (see SI for 
details on syntheses). Digestion protocols consisted in the use of aqua 
regia (HCl 37 % + HNO3 65 %) for 16 h at room temperature followed by 
1 h at 90 ◦C (AR protocol), or with piranha solution (H2SO4 95 % + H2O2 
50 %) at room temperature followed by 16 h at 90 ◦C (PS protocol). In 
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the latter case, hydrogen peroxide was carefully added in three 1 mL 
portions. A single portion of 1 mL did trigger an effect but bubbling 
stopped for most samples after only a few minutes, suggesting total 
consumption of H2O2. Note that most of the visual changes occur within 
the first hour with PS and that the 16 h duration was likely not required. 
A lower reaction duration at 90 ◦C was used with aqua regia as the 
reactive gases quickly escaped from the solution at this temperature. The 
characteristic red color due to nitrogen dioxide indeed vanished within 
the first hour at 90 ◦C. All sample digestions appeared similar in the case 
of the AR protocol: formation of a typical reddish color after a few mi
nutes without any further drastic change in the appearance of the sus
pension (Fig. 1A). In the case of the PS protocol, a typical effervescence 
took place: moderate for carbon black, weak at the beginning and then 
violent for carbon nitride (associated with high heat production), and 
intense for PA-carbon and N-doped carbon. In the PA-carbon and N- 
doped carbon cases, the solution rapidly turned brown due to dissolved 
species, and the color lightened with time, while almost no solid mate
rial present in the end (Fig. 1B). A total transparency was obtained for 
the carbon nitride solution, whose cloudiness gradually decreased to 
yield a clear solution. The more intense effervescence and higher heat 
release in the case of carbon nitride with PS is likely due to a faster 
material decomposition kinetics. Optical transparency is not strictly 
synonymous with the total digestion of a material, but the decomposi
tion appeared here quasi-total with PS for all samples except carbon 
black, whereas none was correctly digested by AR. 

3.2. Quantitative assessment on P-doped carbons 

A series of P-doped carbonaceous materials were synthesized in an 
attempt to represent a panel of structures and synthetic strategies, i.e., 
bottom up vs. post-treatment (Table 1). In brief, the two P-doped sam
ples were prepared by heat treatment of commercial carbon black (CB) 

in the presence of H3PO4 (P-CB sample (1)) [30], and by carbonization 
of phytic acid (PA-carbon sample (2)) [7]. The two P-doped carbon ni
trides were obtained by heat treatment of a mixture of dicyandiamide 
(DCDA) and H3PO4 (P–CN-mix sample (3)) [9], and by thermal 
post-treatment of commercial C3N4 in the presence of H3PO4 (P–CN-post 
sample (4)). Powder X–Ray Diffraction (PXRD) measurements 
confirmed the turbostratic structure of materials 1 and 2 with the 
presence of typical broad peaks at 26◦ and 43◦, and the carbon nitride 
(CN) one for 3 and 4 with the characteristic peaks at 13◦ and 28◦

(Fig. 2A). In addition of PXRD, samples 3 and 4 display a pale-yellow 
color, typical of CN. Nitrogen physisorption experiments at 77 K 
revealed the much porous nature of 1 and 2 (SBET > 1000 m2 g− 1), 
compared to 3 and 4 (SBET < 15 m2 g− 1) (Fig. 2B). According to SEM, all 
samples are composed of chunks without definite structures at the 
micron scale. The morphology of 1 and 2, composed of aggregated 
colloids <100 nm, appeared rougher than that of 3 and 4, displaying 
smoother surfaces, in agreement with the higher porosities of the first 
ones (Fig. 2C). 

Along with ICP, XPS is the most employed technique to access 
elemental composition of materials. The model materials were therefore 
characterized following a procedure as representative as possible as to 
the usual sample preparation and data curation (see Experimental sec
tion). Only carbon, nitrogen (for 3–4), oxygen and phosphorus signifi
cantly contribute to the surface chemistry (Table S1 for element 
compositions). Phosphorus contents of 2.1, 6.4, 14.6 and 8.8 wt% were 
recorded for samples 1 to 4, respectively. The oxygen to phosphorus 
ratio O/P, comprised between 2.6 and 5.0, is coherent with pendant 
phosphate groups (PO4), while the carbon to nitrogen ratio C/N, of 1.5 
and 0.9 for 3 and 4, consists in an extra evidence of the carbon nitride 
structure (C3N4). One may note the C/N ratio is higher when numerous 
phosphorus-containing groups are present, likely because the latter 
replace part of nitrogen-functional groups. The deconvolutions of the 

Fig. 1. Qualitative assessment of the efficiency of the digestion. Photographs of the digestion crudes of different carbonaceous materials after (A) treatment in aqua 
regia for 16 h at r.t. and 1 h at 90 ◦C, (B) treatment in piranha solution for 16 h at 90 ◦C. (A colour version of this figure can be viewed online.) 

Table 1 
P-doped and Ni-containing carbonaceous materials studied in this work with the corresponding precursors and specific surface areas.  

N◦ Precursors Synthetic strategy SBET (m2 g− 1) 

1 P-CB Carbon black, H3PO4 Post-treatment 1175 
2 PA-carbon Phytic acid Bottom-up 1323 
3 P–CN-mix Dicyandiamide, H3PO4 Bottom-up 4 
4 P–CN-post C3N4, H3PO4 Post-treatment 13 

5 Ni-CB Carbon black, NiCl2 Post-treatment 1220 
6 Ni–C3N4 C3N4, NiCl2 Post-treatment 7 
7 Ni–N-doped-carbon Cytosine, NiCl2 Post-treatment 691  
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different regions were performed according to previous works 
(Tables S2–4) [4,29–32]. The presence of reduced phosphorus P(0)/R3P 
(130.2 eV) and of phosphorus pentoxide P4O10 (136.0 eV) could be 
excluded in all cases but at least two components were required for a 
proper fit of the region (Fig. 2D). The exact attribution of the compo
nents is still debated in literature but one may find the distinction be
tween electron-rich phosphorus, denoted C–P–O and accounting for 
structures with at least one C–P bond such as R3P––O (132.5 eV) or 
phosphonic acids (133.2 eV), and electron-poor phosphorus, denoted 
C–O–P and accounting for phosphate like structures (134.0 eV) with 
only P–O bonds [4,30,32]. Finally, the important contribution of 
N–C––N component in the C 1s region of the carbon nitrides agrees with 
their conjugated structure. The proportion of this component is 

noticeably higher for P–CN-post which presents the lower C/N ratio (0.9 
versus 0.75 for C3N4), revealing again that the ideal C3N4 structure is less 
affected due to phosphorus insertion if compared with P–CN-mix. 

All P-doped materials were subjected to four independent digestions 
with both AR and PS protocols. Afterward, ICP measurements of the 
diluted crudes, performed in triplicate, allowed a quantitative assess
ment of the digestion protocols. The results are summarized in Table 2 
and represented graphically in Fig. 3. One can estimate the precision, i. 
e., the reproducibility, of the protocol, through the coefficient of varia
tion (CV) of the measurement, i.e., the standard deviation normalized by 
the mean. The lower the CV is, the more reproducible the protocol is. 
The CV of the whole digestion protocol (CVdigestion+ICP) was of ca. 5 % 
for both AR and PS, while a typical CV of ICP measurements alone 

Fig. 2. (A) Powder X–Ray Diffraction patterns of P-doped samples with characteristic peaks of turbostratic carbon and carbon nitride C3N4. (B) Nitrogen sorption 
experiments on samples 1–4. (C) SEM images of samples 1–4. (D) C 1s, N 1s, O 1s and P 2p (from left to right) XPS spectra and deconvolution of samples 1–4 (from 
top to bottom). Details as to peak attribution are given in SI. The C–P–O and C–O–P contributions in P 2p region may also include C–P–N and C–N–P ones. Bars at the 
right correspond to the element composition in wt% (black = carbon, blue = nitrogen, red = oxygen, orange = phosphorus). (A colour version of this figure can be 
viewed online.) 

Table 2 
Evaluation of the precisions of the ICP method for determining phosphorus content in carbonaceous materials (in wt%) with aqua regia or piranha solution. Standard 
deviations (SD) and coefficients of variation (CV) are determined based on 4 independent digestions (reported values correspond to the faded points in Fig. 4).   

ICP – phosphorus (CV: 1.2 %) 

Aqua regia Piranha solution Ratio PS/AR [a] 

Mean (SD) (wt%) CV (%) Mean (SD) (wt%) CV (%) 

P-CB 1.71 (0.09) 5.3 2.11 (0.09) 4.3 1.23 
PA-carbon 4.25 (0.19) 4.5 7.55 (0.39) 5.2 1.78 
P–CN-mix 1.93 (0.15) 7.8 13.9 (1.2) 8.4 7.20 
P–CN-post 4.46 (0.23) 5.2 8.57 (0.26) 3.0 1.92  

a Ratio of the P weight content obtained with the piranha solution protocol over the one obtained with the aqua regia protocol. 
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(CVICP) was of 1.2 %, sensibly lower (Table 2). The main source of non- 
reproducibility therefore originates from the digestion step itself. The 
determined phosphorus content is, however, systematically much 
higher with PS than with AR digestion, with ratios PS/AR of 1.23, 1.78, 
7.20 and 1.92 for materials 1 to 4, respectively (Table 2). If any bias is 
present, it is likely an underestimation due to an over-evaluation of the 
weighed mass (residual water) or an incomplete digestion. As the 
decomposition of 2–4 is almost total with PS, all the phosphorus atoms 
are expected to be in solution, leading to correct ICP results. The un
derestimation with AR protocol, despite a high reproducibility, is 
therefore due either to P atoms embedded in an undigested part of the 
material, or to chemical groups that PS could strip and not AR. SEM-EDX 
measurements performed on the remains of sample 3 after AR digestion 
confirmed the presence of large amount of leftover phosphorus atoms 
(Fig. S1). Overall, the error in quantification of heteroatom-content in 
carbonaceous materials depending on the standard digestion protocol 

may be massive, up to 620 % here. 
On the whole series of P-containing samples, the PS results are in 

good agreement with estimations derived from XPS measurements 
(Fig. 3, in blue). Considering an accuracy for XPS of ca. 10 %, in line with 
the report of Shard et al. [12], the differences between ICP and XPS fall 
within the respective error bars. Worth noting XPS is sensitive to the 
extreme surface of the material (<5 nm) and to possible contaminations. 
If the material composition is heterogeneous, for instance due to the 
localization of the phosphorus atoms at the surface or to a chemical 
reactivity of exposed groups due to air, the ratios derived from XPS 
spectra will differ from the average bulk composition. We therefore 
recommend to propose an element composition on the basis of at least 
two methods. Here, the congruent findings obtained through ICP and 
XPS analysis suggest, on one hand, the efficiency and consistency of 
piranha solution digestion, and, on the other hand, the similarity in 
chemical composition between the material’s surface and its “bulk”. 
Such an agreement is not always guaranteed. For instance, Cheng et al. 
reported B content values via XPS that were three times higher than 
those determined by ICP [13]. While such discrepancies may not always 
be reconciled, it is essential to acknowledge and address them in the 
analysis, and the authors should transparently specify which values they 
adopt for subsequent analyses. 

The results show clear difference depending on the synthesis strat
egy: impregnation vs. bottom-up. In the case of materials 1 and 2 from a 
post-impregnation and a bottom-up synthesis, respectively, the two 
digestion protocols have a divergence of 23 % and 78 %. Similarly, for P- 
doped carbon nitrides, a divergence of 92 % and 620 % are recorded for 
3 and 4, respectively. For comparable materials (1–2 and 3–4), the 
divergence is higher for samples synthesized via a bottom-up approach, 
and is maximal in the case of material 3 which presents a low porosity 
(SBET = 4 m2 g− 1) and is totally digested by PS but not by AR (Fig. 1). 

If the sample is chemically resistant, i.e., the digestion does not lead 
to the total dissolution of the matrix (like in the case of well-graphitized 
carbons), the phosphorus atoms at the core of the material cannot be 
stripped. On the contrary, post-synthesis impregnation of porous sam
ples essentially leads to doping or functionalization of the surface of the 
material. The chemical groups targeted for stripping are therefore 
accessible by the oxidizing solution, and accurate measurements are 
possible. Chemically resistant carbons with low porosity, synthesized via 
a bottom-up approach are therefore likely to lead to erroneous results, 
even if the PS protocol is applied. In order to verify that, such non- 

Fig. 3. Comparison of the digestion protocol by aqua regia (AR, red) and piranha solution (PS, black) for determination of phosphorus content in materials 1–4. Black 
and red points represent independent digestions of the materials, with the associated error bar of the ICP measurement. Averages on the four samples and associated 
standard deviations are indicated in faded colors. P contents estimated from XPS are given in blue. (A colour version of this figure can be viewed online.) 

Fig. 4. Comparison of the digestion protocol by aqua regia (AR) and piranha 
solution (PS) for determination of nickel content in materials 5–7. Black and red 
points represent independent digestions of the materials, with the associated 
error bar of the ICP measurement. (A colour version of this figure can be 
viewed online.) 
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porous resistant carbon sample containing P was synthesized from 
glucose and triphenylphosphine (PPh3) (see synthesis in SI). According 
to the discussed findings, the phosphorus content of this sample was 
clearly different according to ICP (0.14 wt%) and SEM-EDX (7.9 wt%). 

Woo et al. also reported this problem of “inaccessible regions” of the 
sample, and for instance noted with Transmission Electron Microscopy 
(TEM) the presence of metal residues still embedded in the carbon layers 
“even after iterative acid treatment with aqua regia” (the catalyst for the 
bottom-up synthesis comported metals) [33]. Nonetheless, they 
comment on the differences between the surface composition of the 
material, as determined from XPS data, and its “bulk” composition, as 
determined from ICP data. If the carbon matrix is not totally digested, 
we believe that such discussion is rather delicate as there is uncertainty 
as to how deep the sample was etched. 

3.3. Covalent bonding vs. metal bonding 

Heteroatoms such as P or B are directly integrated into the carbon 
material via covalent bonds, and the strength and stability of the cor
responding groups vary depending on the speciation. Consequently, 
certain species may be removed by PS but not by AR. In contrast, metals, 
alloys, and metal oxides are deposited/coordinated to the carbon matrix 
and typically held together by metallic-like or ionic bonds of uniform 
strengths. Then, the digestion solution can either completely decompose 
all metal containing particles, yielding accurate results, or fail to do so, 
leading to erroneous results that can be readily identified. The piranha 
solution is specifically used to etch organic compounds leftovers, for 
instance in microfabrication, whereas the use of aqua regia for metal 
content analysis is usually driven by the capacity of chloride anions to 
complex the stripped metal cations, such as [AuCl4]– for the archetypal 
example, a specificity irrelevant for the digestion of the organic part. To 
verify whether the use of PS, required for digesting the “carbonaceous 
part”, may affect the detection of the “metallic part”, a parallel set of 
experiments was conducted on several Ni-containing samples. Nickel 
was chosen as an archetypal example of supported transition metal, 
often encountered for catalytic applications. The carbon/carbon nitride- 
supported nickel materials were obtained by impregnation with an NiCl2 
ethanolic solution of carbon black (5), carbon nitride (6) and N-doped 
carbon (7). They displayed no sharp peaks in XRD corresponding to 
metallic Ni nor nickel oxide NiO, suggesting that nickel is present as 
small objects supported on the carbon/carbon nitride (single atoms, 
clusters, nanoparticles) (Fig. S2). Physisorption analysis confirmed the 
porosity of the carbonaceous materials (SBET > 550 m2 g− 1), but the 
carbon nitride is almost non-porous (SBET = 7 m2 g− 1) (Fig. S3). The 
content of Ni was then quantified after AR or PS digestion. The samples 
present a limited divergence (PS/AR ratios of respectively 0.87, 0.85 and 
0.99 for 5–7), demonstrating no significantly reduced digestion effi
ciency as to metal analysis (Fig. 4). 

3.4. Oxidation chemistry 

The exact chemistries at stake in aqua regia and piranha solution are 
not always fully understood, mainly because of the high reactivity of 
these systems and their complex equilibria. However, mixing concen
trated nitric and hydrochloric acids produces nitrosyl chloride NOCl and 
chlorine Cl2 (Eq (1)), which further react to form nitric oxide NO (Eq 
(2)), which in turn forms nitrogen dioxide NO2 (Eq (3)) [34]. The so 
formed species have high standard reduction potentials E◦, between 
+1.4 V and +1.59 V, attesting to their strong oxidizing power (Table 3). 
In the case of piranha solution, in concentrated solutions, sulfuric acid 
H2SO4 reacts with hydrogen peroxide H2O2 to form the so-called Caro’s 
acid H2SO5, or peroxymonosulfuric acid (PMS) (Eq. (4)), displaying an 
even higher potential of +1.81 V [35]. Some authors also report that 
PMS decomposition produces oxygen radicals [19].  

HNO3 + 3 HCl → NOCl + Cl2 + 2H2O                                             (1)  

NOCl → NO + 0.5 Cl2                                                                     (2)  

NO + 0.5 O2 → NO2                                                                       (3)  

H2SO4 + H2O2 → H2SO5 + H2O                                                       (4) 

The reactivity of PMS in digestion of carbonaceous materials in
creases in the order carbon black < N-doped carbon < carbon nitrides as 
indicated in Fig. 1 and discussed forehead. At first, it appears as being in 
contradiction with the reported stability windows of these last materials 
toward oxidation, and with the concept of noble carbons [37]. Non 
doped carbons indeed present a lower standard potential (E◦(C/CO2) =
+0.21 V) than their N-doped counterparts and carbon nitrides, which 
displays HOMO states between +1.6 and + 2.1 V. Based on purely 
thermodynamic arguments, carbons should therefore be more prone to 
oxidation, and digestion, than C3N4, as incidentally demonstrated with 
open flame experiments [37]. We suggest that the presence of hetero
atoms generates more defects on the edges which constitute attack 
points for PMS. Such an attack can then lead to an “unwinding” of the 
material, rendering possible the digestion, in opposition to pure carbons 
only displaying extended aromatic panels difficult to decompose. In the 
range of conditions accessible for open-vessel digestion (atmospheric 
pressure, T < 150 ◦C), carbon black is usually only hydroxylated/oxi
dized on surface by H2O2 or concentrated mineral acids, but not dis
solved [38]. Its decomposition therefore remains challenging due to 
kinetic restrictions. 

The standard reduction potentials of active species with AR and PS 
digestion protocols, as well as other common oxidants are reported in 
Table 3. The peroxydisulfate S2O8

2− appears in the electrochemical scale 
at an even higher potential than HSO5

− (+2.01 V vs. +1.81 V) and should 
digest the different materials as well. To further verify that, commercial 
C3N4 was mixed with 3 mL of H2SO4 95 % and 0.5 g of K2S2O8 and 

Table 3 
Electrochemical properties of most common strong oxidant available in aqueous solutions and/or present in aqua regia and piranha solution. These 
data are purely related to thermodynamics and even favorable reactions may not occur for kinetic reasons. All data, except HSO5

− , were extracted 
from Ref. [36].  

Half-reaction equation Standard reduction potential E◦ (V vs. NHE) 

O3 (g) + 2H+ + 2 e– → O2 (g) + H2O 2.07 
S2O8

2−
(aq) + 2 e– → 2 SO4

2−
(aq) 2.01 

HSO5
−
(aq) + H+ + 2 e– → SO4

2−
(aq) + H2O 1.81 

H2O2 + 2H+ + 2 e– → 2H2O 1.76 
Au+ + e– → Au(s) 1.69 
2 NO(g) + 2H+ + 2 e– → N2O(g) + H2O 1.59 
NO+ + e– → NO(g) 1.46[a] 

Cl2 (aq) + 2 e– → 2 Cl–(aq) 1.40 
½ O2 (g) + 2H+ + 2 e– → H2O 1.23  

a No data could be found for E◦ of nitrosyl chloride NOCl, but the N–Cl bond is described as loose, its reactivity was therefore estimated as close 
to that of NO+. 
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heated for 1 h at 90 ◦C. The cloudy suspension became clear without 
intense effervescence nor runaway reaction (Fig. S4). This apparent 
comparable efficiency with piranha solution first confirms the validity of 
our analysis. Besides, the use of peroxydisulfate appears as an interesting 
substitute: the use of PS, particularly at 90 ◦C, is indeed prohibited in a 
number of institutions due to its danger [28]. On the contrary, potassium 
peroxydisulfate salt (K2S2O8) and Oxone® salt (2KHSO5•KHSO4•K2SO4) 
are readily available and safer. Such considerations echo those of the 
field of Advanced Oxidation Processes (AOP) dealing with the degra
dation of organic compounds in water via the use of hydroxyl radicals 
(HO●) or sulfate radicals (SO4

● –), liberated by H2O2 and persulfates, 
respectively [39]. 

3.5. Inter-technique comparison 

As aforementioned, diverse analytical methods are employed to 
ascertain the elemental composition of nanomaterials, each character
ized by distinct sensitivities, precision, and robustness (Table 4). A first 
set of techniques requires the digestion, or mineralization, of the ma
terials in aqueous solutions. Subsequently, the concentration in the 
target element (e.g. B, P, Se) is determined, via a calibration curve, 
relying on:  

- Atomic Absorption Spectroscopy (AAS), performed in a continuous 
mode by atomization in a flame (FAAS) or from a small aliquot 
atomized at high temperature in a graphite furnace (GFAAS or 
ETASS).  

- Optical Emission Spectroscopy (OES or AES) after ionization in a 
plasma torch (ICP).  

- Mass Spectrometry after ionization by ICP.  
- visible spectrophotometry upon formation of a specific colored 

complex, such as molybdenum blue for P, and curcumin or azome
thine for B. 

With the exception of FAAS, the sensitivity toward B and P detection 
is sufficient for the quantification upon digestion of a small fraction of 
material (<20 mg). These methods offer good precision and accuracy, 
typically below 5 % [27,40]. Interferences in AAS and OES are mostly 
due to the presence of metal atoms with absorption/emission bands that 
overlap with those used for B or P. Note that sulfur analysis is possible 
via ICP-OES and ICP-MS but less straightforward due to its high ioni
zation potential, high blank levels (environmental contamination) and 
interferences in MS [41]. Besides, its analysis is not compatible with a 
digestion solution containing sulfuric acid such as piranha solution. As 
discussed throughout this article, the primary source of error for this set 
of techniques stems from the decomposition step itself, potentially 
leading to significant underestimations of concentrations due to 
incomplete solubilization. Interestingly, recent works report the use of 
electrothermal vaporization (ETV) for a direct analysis of solid samples 
when coupled with ICP-OES or GFAAS [27,42]. 

A second category of techniques is non-destructive and relies on 
electron-matter interactions (EDX) and photon-matter interactions 
(XPS, XRF). SEM-EDX and TEM-EDX analysis rely on the detection of 
X–rays generated upon electron bombardment of the sample. All 

Table 4 
Principal analytical techniques for element composition determination of carbon-based nanomaterials, for phosphorus if unspecified.  

Analysis Range[a] Advantages/limitations 

Materials digestion 
(F)AAS >50 ppm - Better sensitivity for B (>1 ppm) 

- Risk of interferences 
GFAAS/ETAAS >0.5 ppm - Small quantities required 

- Possible direct solid analysis 
- Risk of interferences 

ICP-OES/AES >0.1 ppm - Straightforward analysis of B, P, more delicate for S (environmental contamination) 
- Risk of interferences 

ICP-MS >0.05 ppm - Good sensitivity 
- Higher cost than ICP-OES 

Colorimetry >0.3 ppm - Easy to implement 
- Risk of interferences 

Electrons/photons interactions[b] 

SEM-EDX, 
TEM-EDX 

>0.5 wt% - Analysis depth 1 μm 
- Sensitive to surface roughness 
- No reliable detection of B, low accuracy for C, N, O 
- Possible EDX mapping 

XPS >0.2 wt% - Analysis depth 2–5 nm 
- Sensitive to surface roughness 
- Fine structure analysis 
- Possible XPS mapping 

XRF >0.1 wt% - Analysis depth 1 μm - 1 mm 
- Relative quantification 
- Difficult analysis for B, C, N and O 
- Large amount of materials required 
- Possible mapping for μ-XRF 

Neutron activation 
PGNAA >0.1 wt% - Not easily accessible 

- Detection of B, C, N, Si, P, S 
- Global analysis 

Nuclear magnetic resonance 
ss-NMR >1 wt% - Low sensitivity 

- Fine structure analysis 
- Global analysis  

a Typical Limit of Quantification (LOQ), expressed in wt.% for direct solid analysis and ppm (or mg/L) for liquid analysis after 
digestion. The LOQ corresponds to 5 times the Limit of Detection (LOD). The values are given as orders of magnitude for standard 
equipment but are largely dependent on the sample type and composition, the setup, the time of measurement if relevant etc. [15,27, 
40,42,43]. 

b XAS and EELS are also quantitative but not used as primary tool for element composition determination. 
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elements with Z > 6 (C) are detected if their content exceeds approxi
mately 0.1 wt%, while boron detection is feasible but less reliable in 
presence of carbon [10]. The signal intensity is directly proportional to 
the concentration of the element, enabling a quantitative approach 
through calibration curves. However, this approach assumes that the 
element content is the sole factor influencing signal intensity, and not 
surface morphology for instance. In practice, achieving high accuracy 
(relative error below 5%) is possible only with polished samples and the 
use of certified standards of similar nature. Such ideal conditions are 
challenging to meet for nanostructured carbonaceous samples, making 
EDX a semi-quantitative technique. Consequently, it can provide only 
broad trends and orders of magnitude. In many laboratories, calibration 
is typically integrated directly into the software used and referred to as 
"standardless analysis". The analysis parameters are then automatically 
adjusted to yield a total content of 100%. Accuracy is therefore reliant 
on the estimation of major elements, such as C or O, whose signals are 
significantly affected by sample roughness and surface orientation. 
Based on our experience with carbon nanomaterials, the content of 
minor elements, such as P or S, can exhibit variations of up to 30% across 
several spots within a small area. These findings align with the analytical 
work of Newburie et al., who reported a precision of ±25% [10]. 

XPS analysis relies on the detection of electrons ejected from the 
extreme surface of the materials (depth <5 nm) upon excitation with 
X–rays. Due to its shallow depth of analysis, this technique exhibits high 
sensitivity to the presence of surface heterogeneities and contamination. 
Furthermore, the extrapolation of results to represent the "bulk" 
composition of the material assumes that the surface has not undergone 
reactions with air or moisture, which could locally alter its composition. 
XPS can access all elements with Z > 3 (Li) and typically achieves 
detection limits in the range of 0.1–1 wt% [44]. As for EDX, XPS mea
surements may be analyzed using a set of standard similar materials 
(rarely done for carbon materials studies) or without standards, i.e. only 
relying on the RSF of the different elements present and a summation to 
100 %. Under the latter conditions, the expected accuracy is generally 
no better than 5–10 % [12]. XPS is nonetheless highly precise, capable of 
detecting small differences of 1 % in element composition among a se
ries of similar samples treated in the same manner [12]. XPS is less 
influenced by surface roughness compared to SEM-EDX, but the more 
intricate background evaluation required for quantification introduces 
the potential for additional errors. 

Finally, X–ray Fluorescence (XRF) analysis relies on the X–rays 
generated by fluorescence upon excitation of the sample by X–rays. The 
resulting spectra are analyzed in a manner akin to SEM-EDX, though 
with larger probed volume [45]. In practice, achieving quantitative 
analysis of elements from B to F is challenging with energy dispersive 
analysis (ED-XRF). It necessitates the use of wavelength dispersive 
detection (WD-XRF) coupled with meticulous sample preparation [46]. 
The analysis with summation up to 100 % being mostly not accessible, 
the P content is estimated via a calibration curve with materials of 
similar nature (chemical environment, surface quality). While reported 
accuracies can be as low as 1 %, note that XRF was primarily developed 
for the analysis of petrochemical products, oxide materials, or cement, 
and few studies have applied it to carbonaceous compounds. A precision 
within the 1–5 % range was reported while investigating phosphorus 
content in plants and polymers [47,48]. 

In addition, the instrumental neutron activation analysis (NAA), and 
more particularly prompt gamma NAA (PGNAA) for light elements such 
as B and P, is usually recognized as a good standard for the quantifica
tion of elements for all types of materials, with quantification limits 
below 0.1 wt% and a precision and accuracy possibly as low as 2 % [49, 
50]. The detection, which is non-destructive, relies on nuclear physics 
and is unaffected by the chemical environment, hence a better accuracy 
due to lower biases. Its access is extremely limited and cannot be 
considered as a routine technique. Solid state 31P Nuclear Magnetic 
Resonance (ss-NMR) is also encountered for both B and P without need 
for enrichment. A fine structure analysis is possible to correlate the 

different chemical shifts to chemical structures. Due to its relatively 
lower sensitivity and the complexities involved in sample measurement, 
this technique is rarely employed as the primary quantification tool. 

The validation and comparative assessment of analytical methodol
ogies, such as the analysis of trace metals in carbon nanotubes, typically 
rely on commercially available certified reference samples or standard 
reference materials (CRMs/SRMs) [18]. Such standardized materials are 
nonetheless unavailable for heteroatom-doped carbon nanomaterials 
and the accuracy of protocols for these materials may only be evaluated 
through the consistency of results obtained from various analytical 
techniques, as performed here. 

4. Conclusion 

In conclusion, we strongly urge the carbon community to consider 
ICP for the determination of the elemental composition of carbonaceous 
compounds doped with elements which cannot be quantified by com
bustion analysis, typically P-doped materials which have been receiving 
more and more attention in recent years. However, the importance of 
the digestion protocol should not be neglected. We indeed showed that 
the use of a piranha solution instead of aqua regia drastically improves the 
quality of the open vessel digestion, leading to a more accurate deter
mination of the P content and to results in line with XPS measurements. 
Although the use of piranha solution could not overcome the chemical 
recalcitrance of carbons such as commercial carbon black, we demon
strated that it can achieve the total digestion with a simple open-vessel 
protocol of several heteroatom-doped carbonaceous materials, 
including carbon nitrides. In view of the above, one should consider a 
number of precautions with regard to the digestion step, hence the 
following recommendations: 

• Systematically indicate the digestion protocol (oxidant, acid, pro
portions, temperature, duration, etc.), particularly when no total 
digestion of the carbon sample is observed.  

• For series of new materials of unknown chemistry, first determine 
which digestion protocol is best for ICP (use of microwave, aqua 
regia, piranha solution, muffle furnace, etc.).  

• Estimate the error bar related to the digestion step with independent 
digestions and do not only consider that of the ICP measurement 
itself.  

• Good reproducibility of the protocol as to the “digestion step” is not 
synonymous with high accuracy. 

• If possible, check the absence of the element of interest after diges
tion if the carbon matrix is not destroyed. 

• Take into consideration possible biases arising from sample mois
ture, weighing accuracy (ideally more than 10 mg), possible filtra
tion prior to ICP measurement, and evaporation or precipitation of 
the targeted element during digestion or subsequent neutralization. 
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