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A B S T R A C T

XPS analysis is routinely used in corrosion studies to analyse corrosion product and protective layers on a range 
of metals. In the case of transition metals and especially iron, the extraction of information about chemical 
species including identification and quantification requires complex fitting of the metal 2p spectrum. Unfortu
nately, there is extensive misunderstanding of what is required for fitting of these metal 2p photoelectron peaks. 
In the case of high spin Fe 2p compounds there is a complex structure based on multiplet and satellite peaks 
which is often ignored. In this review of the application of XPS in the study of corrosion and protection of ferrous 
metals; we quantify the extent of misinterpretation of XPS Fe 2p spectra within the literature. It is found that in 
over 70 % of papers there is an adamant misunderstanding of the requirements for fitting Fe 2p, which can be 
divided into three groups. First, in the most serious case, there seems to be a lack of understanding of spin orbit 
coupling which gives rise to the major Fe 2p3/2 and Fe 2p1/2 peaks with the latter being incorrectly assigned to a 
different chemical species. Second, satellite structures are often assigned to a different chemical species. Third, 
single peaks are used to fit chemical components whereas a complex multiplet structure should be employed. We 
establish the extent to which these errors are made by critical appraisal of over 220 papers published in selected 
years between 2015 and 2024.

1. Introduction

X-ray Photoelectron Spectroscopy (XPS) is often used in the char
acterisation of surface coatings and corrosion product for various irons, 
steels and other ferrous metals. However much of this characterisation 
has been poorly performed leading to erroneous interpretation of XPS 
spectra, particularly the Fe 2p analysis. Embodied in the literature is a 
widespread lack of understanding of the basic physics of photoelectron 
emission meaning that incorrect approaches to curvefitting of the Fe 2p 
has become the norm. This paper explores the reasons why this situation 
has arisen and provides direction on the better approaches for Fe 2p 
analysis.

Typically, XPS is used to identify chemical species, oxidation states 
and to perform (semi-)quantitative analysis. In many cases XPS is 

relatively straight forward to perform and interpret. For example, in 
cases such as the light metals, chemical states can be obtained from the 
peak positions and composition from the peak areas. There are well 
prepared guides for this type of analysis [1]. If more than one oxidation 
state is present, then fitting symmetric peaks to spectral envelopes 
usually suffices to extract the information relating to those different 
oxidation states. The authors refer to this approach as chemistry fitting 
[2].

What is often hidden and therefore overlooked, in these examples of 
XPS spectral analysis, is the complex underlying physics of X-ray 
induced photoelectron emission based on quantum mechanics (QM). 
This complexity becomes apparent when examining transition metals or 
the rare earths where spectral features cannot be simply fitted by using a 
single peak to represent a single oxidation state or chemical species [3, 

* Corresponding author at: CSIRO Mineral Resources, Gate 5, Normanby Rd, Notting Hill, Victoria 3169, Australia
** Corresponding author.

E-mail addresses: Tony.Hughes@csiro.au (A.E. Hughes), J.M.C.Mol@tudelft.nl (A. Mol). 

Contents lists available at ScienceDirect

Corrosion Science

journal homepage: www.elsevier.com/locate/corsci

https://doi.org/10.1016/j.corsci.2025.113357
Received 17 July 2025; Received in revised form 22 September 2025; Accepted 24 September 2025  

Corrosion Science 257 (2025) 113357 

Available online 26 September 2025 
0010-938X/© 2025 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ). 

mailto:Tony.Hughes@csiro.au
mailto:J.M.C.Mol@tudelft.nl
www.sciencedirect.com/science/journal/0010938X
https://www.elsevier.com/locate/corsci
https://doi.org/10.1016/j.corsci.2025.113357
https://doi.org/10.1016/j.corsci.2025.113357
http://creativecommons.org/licenses/by/4.0/


4]. Recent theoretical studies examine in detail how the intensity under 
the Fe 2p peaks for certain oxides is spread over a broad range of Binding 
Energies (BEs) in literally thousands of multiplet peaks [5]. The reasons 
for this will be explored in more detail in the next section. Of course, 
fitting so many peaks to the Fe 2p envelope is not practical. An inter
mediate method between a full theoretical approach and fitting single 
peaks is to fit a limited number of peaks to reproduce the envelope of the 
Fe 2p spectrum and use these fits to obtain percentages of each type of 
oxide. This is called envelope fitting. A recent study of this approach 
scoped out the limits of applicability of this approach to mixtures of 
oxides [2].

A related study [6] examined fitting of the Fe 2p region in austenitic 
stainless steels and found a relatively poor understanding of the task at 

hand since most studies adopted a chemistry approach to fitting thereby 
associating single symmetric peaks to individual oxidation states. This 
type of incorrect approach inevitably leads to significant errors in re
ported compositional analyses undermining any conclusions based on 
those analyses. This further emphasises the emergence of the “repro
ducibility crisis” in the XPS literature as highlighted by Linford et al. [7].

To emphasize the differences in these two approaches, “envelope” 
and “chemistry” fitting are depicted and explained in Fig. 1. Here FeO 
and Fe2O3 have been chosen because they are pure Fe2 + and Fe3+

respectively, i.e. there is no mixed oxidation state. As previously 
mentioned, the envelope approach based on the multiplet structures 
accurately reproduces the actual data (there is essentially no difference 
between the two). On the other hand, attempting to fit these data with 

Fig. 1. Examples of fitting FeO and Fe2O3 with single peaks (chemistry) and multiplet peaks (envelope). (a) to (c): FeO and (d) to (f): Fe2O3. All multiplet structures 
are those reported in [2]. (a) envelope and (b) chemistry fits to FeO. (c) residuals between the data and the sum of the fits. (d) envelope and (e) chemistry fits to 
Fe2O3. (f) residuals between the data and the sum of the fits. All fits use a Shirely background. The fits in (b) and (e) are Gauss/Lorentz(30) peaks shapes. In (e), a 
satellite peak has been added as a second component in order to do the fitting over the same energy width. It was found that reducing the upper bound to 716.5 eV 
and only using one peak made < 1 % difference in the final peak parameter values.
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single peaks leads to serious under/over estimation of the spectral data 
as seen for FeO and Fe2O3 in Fig. 1(b) and (e) respectively. This is clearly 
seen in their respective residuals in Fig. 1(c) and (f). Here the red arrows 
highlight the over/under estimation which is significantly higher than 
the envelope fitting (blue lines). The size of the excursions from the zero 
line (exact fitting) is such that the fits are statistically insignificant. This 
point was made in a previous paper by the authors [2] where it was 
shown that chemistry fitting was unable to recover the correct compo
sition of mixtures of oxides.

The current paper extends the recent review on the application of 
XPS to the austenitic stainless steel [6] to the XPS of ferrous metals more 
generally found in corrosion studies. As shown below, there are well 
over a thousand such papers published since 2011; a landmark year 
defined by the publication of a paper by Biesinger et al. [8] who outlined 
a fitting procedure based on the known multiplet structure of the time. 
The procedure offered the promise of much better quantitative analyses 
than approaches that were used up to that time. More recently, it has 
been demonstrated that the Biesinger’s envelope fitting approach can be 
used to determine quantitative results under a range of conditions; an 
outcome which cannot be achieved using the chemistry fitting approach 
[2]. This review, therefore, focuses on the extent to which the use of 
envelope fitting has been adopted amongst those reporting XPS of 
ferrous metals compared to the incorrect chemistry fitting approach.

2. Quantum mechanics background and multiplets

In 2025, the International Year of Quantum Science and Technology, 
it is worth focusing some attention on the QM origin of multiplets 
structures in XPS. By doing so we can attempt to correct the poor 
practice in XPS which ignores the underlying QM theory that explains 
XPS multiplets and other spectral features. We examine the origin of the 
QM model of the atom and how this model gives rise to multiplet 
structures.

In the early part of the 20th century, the group of Niels Bohr, first 
proposed a theoretical basis for the current quantum mechanical (QM) 
model of atoms i.e. that electrons populate discrete shells around a 
central nucleus. In the following years Wolfgang Pauli completed the 
QM model through the introduction of electron angular momentum 
(spin). This model provided an explanation for discrete lines observed in 
optical spectra which had been a puzzle in the latter part of the 19th 

century and early 20th century. The QM explanation of the optical bands 
was as follows: electrons in atoms had fixed, discrete electron orbitals 
and transitions between these orbitals, governed by QM rules, result in 
photon emission (or absorption) and are also discrete explaining the 
observed sets of lines in optical emission spectra instead of a continuous 
spectrum that would be expected based on classical concepts. It also 
explained the chemical basis of the arrangement of elements in the pe
riodic table of the elements.

The orbitals themselves are characterised by quantum numbers, with 
the first four being quantum numbers, n, l, ml and ms [9]. The principal 
quantum number n designates the shell numbers of the orbital and is 
given by the natural numbers (1, 2, 3,…). These are split into subshells 
by the azimuthal quantum number l, given by the whole numbers (0, 1, 
2….) but are often referred to as s, p, d, f (derived from the appearance of 
spectral lines in alkali metals). Additional quantum numbers ml and ms 
were added to account for the quantised angular momenta and magnetic 
moments of the electron orbits and the spin angular momentum. The 
azimuthal momenta and magnetic moments are coupled, therefore the 
number of values that ml can adopt is dependent on l and has 2 l+ 1 
values, so that the s subshell has one orbital, the p subshell has three 
orbitals and so on. The spin magnetic quantum number, ms was added to 
explain splitting of optical lines observed under an applied magnetic 
field – the Zeeman effect. This quantum number is referred to today as 
the spin vector of the electron: it can only adopt two values namely ± ½.

The corollary of the above paragraphs is that distinct spectral lines in 
optical emission spectra led to the development of a QM theory to 

describe the internal structure of atoms. The energies of these lines 
depended on the principal quantum number n, with further splitting of 
these energies dictated by all other quantum numbers. As no two bound 
electrons can be identical, every electron in an atom must have a 
different set of quantum numbers. The Pauli exclusion principle meant 
that only two electrons can exist in any one suborbital (spin up and spin 
down). In this way the orbitals are populated sequentially from lower to 
higher energy. When identical atoms combine to form a solid, their 
atomic orbitals overlap and the discrete energy levels of the isolated 
atom split into very closely spaced energies, effectively forming energy 
bands.

We turn now to Iron and the Fe 2p spectrum. Iron metal has 26 
electrons, the majority of which are in filled orbitals. The only orbitals of 
relevance for chemical oxidation states are the 4 s and the 3d orbitals. 
The 4 s orbital is filled with two electrons and the 3d orbital, which can 
hold 10 electrons, is only partially filled with 6 electrons. The large 
number of unpaired electrons means that iron can potentially form high 
spin compounds in the presence of weak ligands (e.g. oxides, hydroxides 
halides and thiocyanates). In the creation of Fe2+, iron loses two 4 s 
electrons and for Fe3+ it loses an additional 3d electron. Because the 4 s 
and 3d levels are close in energy, the filling of these orbitals can change 
depending on the local environment including external electromagnetic 
fields and ligand fields. When an X-ray ionises an electron (X-ray 
generated photoelectron) from the Fe 2p level, this immediately creates 
a hole leaving an unpaired electron in the 2p level and changes the 
potential that the escaping photoelectron experiences. Thus, upon ion
isation the atomic potential changes transiently and the remaining 
electrons have to recouple in this transient potential [3,5]. This recou
pling involves electrons both in the iron orbitals as well as those of 
surrounding ligands. In the case of oxides with an octahedral structure 
such as FeO and Fe2O3, the 3d levels, which are split into a 4-fold 
degenerate t2g level and 2-fold degenerate eg level, can be partially 
occupied due to partial covalent nature involving bonding with the O 2p 
levels. Moreover, the splitting between these states increases from ~ 
1 eV to 2 eV in the presence of a core hole [5]. These rearrangements 
give rise to a large number of different final states called multiplets 
thereby spreading the intensity of the Fe 2p level over these different 
states. Under no circumstances can single peaks be used to represent 
either different types of oxides or Fe2+ or Fe3+ in these oxides. In sum
mary, we here resonate with the words of Bagus et al. [5] “Clearly, in 
interpreting the XPS spectra, the angular momentum coupling and 
recoupling, the covalency, the ligand field splitting and the spin-orbit 
splitting, especially of core levels, must all be taken into account for a 
reliable description of the Fe 2p and Fe 3p XPS.”

One other point which may address confusion among readers is that 
each iron atom only has one final state so all the multiplets are not 
generated in each atom; individual multiplet states occurs in separate 
atoms but because there are a range of transition states and because so 
many atoms are probed in a surface during XPS, the resultant spectrum 
collects information from all these states giving rise to the multiplet 
structure.

3. Dissecting prior literature

This work is based on the critical appraisal of the literature spanning 
the years since the publication of the seminal work by Biesinger et al. [8]
on multiplet fitting of transition metals. Six separate years were chosen 
for the review including 2015, 2017, 2019, 2020, 2023 and 2024. 
Scopus was used as the search engine to find relevant papers based on 
the search terms "corrosion" AND "iron" AND "XPS". “Iron” was chosen 
over “steel” to simplify the review since in steels containing transition 
metal there can be significant overlap of Auger lines with the Fe 2p line. 
Nevertheless, some steel papers managed to get included. The fields that 
were searched included title, abstract and keywords. This search 
returned 1502 hits from the journals covered by Scopus from the period 
2011–2024 (dated 9/11/2024). The number of papers for each year in 
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the review period are reported in Table 1. It should be noted that a 
number of papers were rejected on the basis that they were not related to 
corrosion of ferrous metals. It is likely that these were included through 
the assignment of Scopus generated keywords since none of these papers 
had the combination of keywords listed above in the search fields (title, 
abstract, keywords). The vast majority of the rejected papers were 
related to nano-sized Fe particles.

Fig. 2(a) and Table 1 shows the number of papers assessed in this 
study by year. This is not the total of all papers presenting XPS analysis 
of the Fe 2p spectral region in corrosion studies because Scopus only 
includes a limited number of journals (see journal selection criteria http 
s://www.elsevier.com/en-au/products/scopus/content/content-policy- 
and-selection). However, these journals represent most, if not all of the 
eminent journals in the field. In total 220 papers were considered for the 
analyses presented below. Fig. 2(b) shows the percentage of papers 
using the chemistry fitting approach.

For the papers that were reviewed, the following criteria were used 
in their assessment:

General Information: (i) were the instrument manufacturer and 
operating conditions provided?

(ii) was a BE calibration provided such as C 1s peak position for 
adventitious carbon? Some authors reported spectrometer calibration 
which can’t be used for BE calibration on charging samples and other 
used gold calibration. In the latter case it should be noted that the BE of 
evaporated gold depends on the gold particle size so a series of evapo
ration should be undertaken to ensure a large enough gold particle size 
to meet bulk gold characteristics [236,237].

Fe 2p: (iii) was chemistry or envelope fitting used? Here chemistry 
fitting refers to using single symmetric peaks to fit chemical species such 
as either Fe2+, Fe3+, FeO, Fe3O4, Fe2O3, FeOOH or any combination of 
these [2,6,8]. The examples of FeO and Fe2O3 are depicted in Fig. 1. 
Envelope fitting refers to fitting a pure reference compound then using 
the relative peak positions, ½ widths and intensities from the reference 
compound (fixed with respect to each other) to fit the unknown spec
trum. This is the basis of the envelope method as described by Biesinger 
et al. [8]. It should be noted that the multiplet peak parameters are 
specific to a Shirley background. These values would need to be reop
timized for other backgrounds.

(iv) was a linear or non-linear background used?
(v) was placement of the background extrema positions sensible?
(vi) was the paper by Biesinger et al. [8] used as a reference?
(vii) was fitting performed on Fe 2p or Fe2p3/2?
(viii) did the authors exhibit an understanding of the underlying 

spectroscopy or basic knowledge spin-orbit coupling?
A binary system was used to convert the answers to the questions 

above into statistics where “1” was yes and “0” was no. These were 
summed and expressed as a percentage of the total number of entries. 
One other observation that was considered was whether the paper was 
highly cited, i.e., whether it was likely to be used as a reference for 
further propagating incorrect XPS data processing. However, no study 
was made of the direct impact of these papers on subsequent literature as 
has been done recently for S 2p [238].

4. Results

4.1. Instrument and BE calibration

This section addresses the general issues of proper protocol for 
reporting scientific data. We use the fundamental principles taught in 
high schools or first year science courses. This can be simply stated:

In describing experimental approaches and data treatment the author 
must include enough information to allow a reader to be able to reproduce the 
experiment and cross check the reported results.

This means that all instrument variables need to be reported 
including instrument types and operating conditions. It also means good 
reporting of sample attributes where available. In practice, it may be 
difficult to exactly reproduce a result due to small unknowns in exper
iments (e.g. a minor impurity in a chemical compound may have a major 
impact on the outcome of the experiment). Nevertheless, there is no 
good reason why authors should not include details about the in
struments they used, how they were operated and how the reported data 
was processed. In the authors’ opinions this should be explicitly written 
into the manuscript and not incorporated as a reference to earlier work. 
These days authors are often penalised for “self-plagiarism” by journals 
when they include experimental details word for word as written in one 
of their earlier publications. We suggest that plagiarism checks on 
experimental sections of papers be removed. It is far more important 
that journals hold to basic principles of scientific reporting than reject a 
paper because it has a relatively high percentage of the same text in the 
experimental section as a previously published paper. The reproduction 
of this text in multiple papers could even be seen as positive since it 
eliminates both awkward alternative descriptions of the experimental 
methods designed to avoid plagiarism and avoids referral to previous 
papers by the authors which leaves the current paper devoid of experi
mental details.

The data for reporting instrument details are summed up in Fig. 3(a). 
The data shows that there is a relatively high compliance with some 
level of reporting of the instrument details across all years examined. 
However, hidden within this statistic is the fact that the majority of 
papers did not report the operating conditions for the equipment or the 
method of data analysis. This means that researchers attempting to 
reproduce the experimental conditions cannot do so based on the in
formation provided. This level of compliance is similar to that reported 
by Major et al. [239] who divided this category into full reporting and 
some reporting of instrument details.

There was poor reporting of the method used for BE referencing 
using the standard C 1 s BE value [240,241] (Fig. 3(b)). Moreover, the 
percentage of papers reporting C 1s seems to decline with time going 
from over 50 % in 2015 to around 30 % in 2024 (ANOVA p-value on 
gradient being 0.016). This represents a serious decline in standards (for 
this dataset) because all peak positions in XPS data need to have a BE 
calibration for the proper assignment of oxidation states. In the absence 
of this reference point it is not possible for a reader to quantitively assess 
the correctness of peak assignment within a paper and it becomes 
difficult to compare BE values between different papers. This omission 
contributes to the spread in reported BE values discussed below.

4.2. Identification of chemical species

The biggest issue noted in reviewing the literature is the use of the 
“chemistry approach” for the assignment of chemical species. An “at- a- 
glance” assessment of this problem can be made from inspection of 
Fig. 4. While the vast majority of papers have assignments for various 
chemical species in 707 eV to 713 eV region there are papers having 
incorrect assignments between 713 eV and 720 eV and a significant 
number have assignments above 720 eV. By way of explanation, the 
region between 713 eV and 720 eV is where the satellite structures from 
some of the oxides (or other compounds) becomes prominent and could 
be mistaken for a chemical species for those who are unaware of satellite 

Table 1 
Number of papers found in SCOPUS, number of papers used in the review and 
the reference numbers for the papers themselves, by year.

Year Number of papers in 
Scopus

Number of Papers in 
Review

Papers

2015 48 31 [10–40]
2017 48 23 [41–63]
2019 71 35 [64–98]
2020 88 48 [99–146]
2023 105 42 [147–188]
2024 120 45 [189–235]
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structures. The assignments above 720 eV clearly mis-identifies the Fe 
2p1/2 peak for a new chemical species. This type of assignment repre
sents a general ignorance of the quantum mechanics underlying orbital 
structure across the periodic table.

As noted in a previous study by the authors there is considerable 
confusion in the literature on austenitic steels about the assignment of 
oxide and hydroxide species in the Fe 2p3/2 spectrum. The origin of 
misassignment appears to be a mixture of: 

(i) Absence of, or poor understanding of the physics behind photo
electron generation: there are studies where the authors do not 
seem to understand orbital angular momentum-electron spin 
coupling which leads to a spin-orbit splitting in the Fe 2p spec
trum into Fe 2p3/2 and Fe2p1/2 states; this is called branching. 
Branching ratios (relative intensities) and relative positions have 
fixed, well defined values. The BE separation of the 2p3/2 and 
2p1/2 for the two oxides presented in Fig. 6(a) and (b) are 

indicated by the red arrows. In studies where this is not recog
nised, the Fe 2p1/2 is incorrectly assigned to a different oxidation 
state to those identified in the Fe 2p3/2 peak.

(ii) The majority of studies use chemistry fitting: single symmetric 
peaks to represent a chemical species or oxidation state. This 
approach bears no relation to the actual, underlying multiplet 
structure, meaning that the assignment of a peak position is quite 
arbitrary. There seems to be a trend where the assignment is 
designed to fit into the researcher’s model of the surface rather 
than reflecting the actual oxide composition.

(iii) The use of NIST values: The NIST database (https://srdata.nist. 
gov/xps) contains a number of values for the peak maximum 
intensity for oxides but these were published prior to the field 
developing some understanding of multiplet structure of these 
peaks.

(iv) Incorrect spectrometer calibration leading to incorrect binding 
energy scale.

Fig. 2. (a) Actual number of papers included in this study by year and (b) percentage of papers using single symmetric peaks (chemistry fitting) to fit to either 
chemical species or oxidation states.

Fig. 3. Compliance, expressed as percentage, in reporting of (a) key instrumental and (b) C 1 s BE calibration data in experimental sections of papers reported by 
year. Here compliance indicates adherence to the standards of the scientific method, i.e. providing enough information for a researcher to reproduce the experi
mental results.
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The issues mentioned above are shown in more detail in Fig. 5 where 
the Envelope (Fig. 5(a)) and Chemistry (Fig. 5(b)) fits are shown for a 
carbon steel exposed to 0.1 M NaCl with cerium and iodide ions present. 
XRD analysis of the surface identified Fe2O3, Fe3O4 and FeOOH. Using 
this information the multiplet envelopes of these components were fitted 
to the spectra. Here we also perform chemistry fitting using symmetric 
GL(30) peaks for the oxides and a metal component which has an 
asymmetric peak shape. GL(30) peak shapes are commonly used in the 
literature in this review. The three components labelled A, B and C were 
assigned to oxides based on common misconceptions about oxide posi
tions in the literature. It can be seen from Fig. 5(c) that the percentage of 
each of these oxides is quite different for the Envelope vs the Chemistry 
fitting. This is despite both fits have similar RMS values indicating good 
optimisation. Given that the envelope approach better approximates the 
actual shape of the different components, it can be seen that the 
Chemistry fit is significantly in error. Fig. 5(d) highlights some of the 
other errors made in the literature including assigning new chemical 
species in regions where there are satellite structures and misinter
preting the Fe 2p1/2 peak for new chemical species; the 2p3/2 - 2p1/2 
peaks are pairs for the same chemical species and represent the spin 
orbit splitting. We have explored the multiplet fitting of a mixture of 
Fe2O3 and FeOOH oxides in the presence of Fe3O4 and Fe metal in a little 
more detail in the supplementary material. As noted in our previous 
work fitting so many different species to one spectrum can be prob
lematic[2]. In this case the presence of Fe2O3 and FeOOH covering the 
same energy range cannot be guaranteed to produce a unique result for 
these two species. However, the amount of Fe3+, Fe3O4 and Fe metal 
may be good approximations to the actual composition whereas the 
actual amount of Fe2O3 and FeOOH cannot be replied upon.

Fig. 6 clearly reflects the problems listed above. Each of Fig. 6(a) for 

Fe2O3 and (b) for FeOOH have been divided into three binding energy 
regions as defined by cyan, green and yellow coloured rectangles rep
resenting “Chemistry Fitting”, “Satellite Structures” and “Mistaken 2p1/2 
for chemical species” respectively. Papers mistaking satellite structure 
as separate chemical state include [126,137,161,165,185,186,194,197, 
213,217,228,229,243] and those reporting the Fe 2p1/2 as a separate 
chemical state include [40,48,78,83,87,109,116,126,148,158,159,171, 
179,185,201,204,207,214,217,221,222,229,230,243,244]. In this third 
category papers making this assignment either did not quote a reference 
or referred to papers which did NOT make the assignment as insinuated 
by using the citation. Identifying the Fe 2p1/2 peak as a separate 
chemical state, makes up around 11 % of the total assignments in each 
oxide class in Fig. 6. This is clearly a concern because there is no sci
entific basis for the assignment but it seems to be now embedded in part 
of the scientific literature.

Examples of such problems are discussed in the following figures. We 
start with examples where the doublet 2p3/2 and 2p1/2 peaks have been 
confused with different oxidation states as presented in Fig. 7. In Fig. 7
(a) each species nominated on the 2p3/2 branch should have a corre
sponding peak at fixed intensity, position and relative half width in the 
2p1/2 branch. In the example in Fig. 7(a) only FeOOH has intensity in 
both 2p3/2 and 2p1/2 components, but it is not clear that it is in the 
correct ratio or at the correct BE splitting. Fe3O4, for some unknown 
reason, is assigned to the Fe 2p1/2 peak. A proper search of the literature 
would establish this assignment is incorrect. Moreover, if there are 3 
components in the Fe 2p3/2 region then there MUST be 3 corresponding 
components in the Fe 2p1/2. All other species have been incorrectly 
assigned including FeS, FeS2, Fe3O4, FePO4 and Fe2O3. In Fig. 7(b), none 
of the species have been correctly nominated since the branching is not 
recognised at all. In both examples the identification of chemical species 

Fig. 4. Reported BE positions for the species nominated in the Figure legend; period covers 2015, 2017, 2019, 2020, 2023 and 2024. (a) Fe2+ and Fe3+ assignments 
and (b) Fe0, FeO, Fe3O4, Fe2O3 and FeOOH. The assignment of data above 720 eV is ambiguous since the papers did not often recognise or understand the origins of 
spin-orbit splitting.
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and any semiquantitative analyses will be useless in any attempt at 
characterising the material under examination.

Examples of chemical fitting are shown in Fig. 8 using figures from 
two papers [95,115]. Neither paper mentions the BE reference used to 
correct the BE scale, but the scale in Fig. 8(b) has been expanded by us to 
match the scale in Fig. 8(a). As noted in a previous study, reporting of 
fitting parameters is absent in many papers [245]. The peak assignment 
in the first example in Fig. 8(a) are as follows: 710.15 eV is Fe3O4, 
711.5 eV is FeOOH and 712.8 eV is Fe2O3 [95]. In this instance Fe3O4 
and FeOOH assignments appear to agree with the NIST value [6], 
however, 712.8 eV for Fe2O3 is nearly two electron volts higher than the 
corresponding NIST value for Fe2O3 and it is not clear where this value 
has come from. The authors quote three papers where they mention 
peaks assignments [246–248], but only one of the three has any XPS and 
it does not mention Fe2O3.

In Fig. 8(b), three peaks are used to fit the Fe 2p3/2 region. These 
peaks are labelled Fe, Fe3O4 and Fe2O3, at 707.96, 709.2 and 711.74 eV 
respectively. The first and most obvious thing to note is that there is no 
agreement with the positions of the Fe3O4 and Fe2O3 with different BEs 
given for the same species in Fig. 8(a) and (b). No BE reference is pro
vided in the paper by Niu et al. [91] so it is not possible to check whether 
a correct reference has been used. The second observation to note is that, 
if a correct reference was used, then the peak at 707.96 eV is likely to be 
the lowest multiplet for FeO and Fe3O4 (they are not distinguishable [8]) 
which means that there is no Fe metal in this spectrum. In the case of Niu 
et al. [91] they have the assignments 707.96 eV for Fe, 711.74 eV for 
Fe2O3, 709.2 eV for Fe3O4. As with the previous paper it is not clear 

where these assignments originate. Only two citations are provided in 
the paragraph where these BEs are quoted. One reference does not 
explicitly mention any BEs and the other mentions the same BEs but 
without reference. It is these types of studies that lead to a state of 
confusion about BE assignment in oxides of iron in the literature. In this 
paper we advocate that the lowest multiplet peak positions be used as BE 
reference. In this case they are 708.4 eV for FeO, 708.4 eV for Fe3O4, 
709.8 eV for Fe2O3 and 710.3 eV for FeOOH.

Another area of concern is the quality of fitting itself. Many studies 
over/underestimate the actual data envelope. Two examples include 
Fig. 7(b) and Fig. 8(b). In the former case the fit to the envelope is poor, 
particularly at the low BE end of the spectrum due in part to the 
Lorentzian-heavy line shapes employed, and therefore the square of 
residuals will not be statistically significant, meaning that the fit should 
be discarded (it should be discarded in any case because chemistry 
fitting is not appropriate). In the latter case, in addition to the problems 
mentioned for Fig. 8(b), the fit completely misses the satellite peak at 
around 720 eV. Peak intensities and half widths for components either 
side of this missed peak will be heavily influenced by this omission. 
There were a number of papers where the fit appeared not to be opti
mised at all.

4.3. Chemistry vs envelope fitting

One of the most important issues is what type of fitting models are 
used to extract information from the surface. There are two commonly 
used approaches to fitting Fe 2p data. The first is using single symmetric 

Fig. 5. Summary of Issues for XPS analysis of Fe 2p3/2 spectra for mild steel expose to 0.1 M NaCl from a study by El-Hashemy et al. [242]. (a) Envelope and (b) 
Chemistry fitting with (c) showing a summary of the analyses and (d) broader energy range for Fe 2p region showing spin-orbit splitting and location of satellite 
structures for iron oxides and hydroxides. GL(70) peaks were used for the multiplet components in (a) and GL(30) for the chemistry fitting for peaks “A”, “B” and “C” 
in (b). For the metal a LA(1, 3.5,5) peak shape was used in both examples.
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peaks to represent different oxides (or other compounds) which is called 
Chemistry fitting. In the literature, this approach is applied to both the 
Fe 2p and Fe 2p3/2 region. The second approach is to fit the spectral 
envelope of reference compounds using pseudo-multiplets, fix the rela
tive intensities and positions of the multiplets then apply them to the 
unknown spectrum. This is called envelope fitting. Hughes et al. [2]
have already established, unequivocally, that chemistry fitting will not 
provide quantitative information on the surface composition for Fe 2p3/2 
so a detailed analysis of the approach will not be discussed here. The 
following assessment, therefore, is only to examine how widespread the 
incorrect chemistry approach is applied rather than describe why it does 
not work.

Fig. 9 shows the extent to which each approach is used in the papers 
examined in this review. Clearly, at nearly 75 %, the chemistry approach 
is reported extensively in the literature. This means that any analysis 
that relies solely on the XPS data for determining the composition of the 
surface oxide or other species should be viewed as incorrect and it fol
lows that the compositional analyses presented in these papers should 
also be considered incorrect. Moreover, if the conclusions reached in 
these studies rely on the XPS analysis then they should be considered as 
suspect.

As seen in Fig. 9, the vast majority of papers use the chemistry fit 
with only 4 % of papers use the envelope approach despite nearly 28 % 
of papers quoting the Biesinger et al. [8] paper with the number 
declining with time. Some of the papers that use the envelope approach 
to account for multiplets are the following references [79,130,242,249]. 
It should be noted that even the envelope approach can fail to converge 
to a meaningful solution when there are too many species included in 
the fit [2]. This is particularly a problem when FeO and Fe3O4 are pre
sent on the surface in addition to metal because (i) they both have 

multiplet components around 708.4 eV, (ii) spectral intensity from the 
asymmetric metal peak shape contributes to the region above 708.0 eV 
as does (iii) an increase in the background from the metal peak due to 
the oxide overlayer [2]. In this instance it is best practice not to fit the 
spectra at all rather than present incorrectly fitted spectra.

From Fig. 9, it can be seen that the envelope and chemistry categories 
combined add to around 77 %, leaving 23 % outside these two cate
gories. These residual papers represent a 3rd significant class of papers 
that the authors of this article had not expected to be this prevalent. The 
authors of this 3rd class of papers have chosen to present only the 
spectra rather than pursue a curvefitting approach. The choice not to 
perform curvefitting in these papers was often based on a recognition 
that fitting was complex and perhaps impossible to do correctly with the 
chemical species that they were examining.

Fig. 9 also shows the percentage of papers which attempt to fit the 
full Fe 2p range rather than just the Fe 2p3/2 region of the Fe 2p spec
trum. Fitting the full Fe 2p spectrum may seem to be a good approach, 
but it is potentially fraught with more problems than fitting the Fe 2p3/2 
part of the Fe2p spectrum. The first and major problem is where to set 
the limits for background calculation and what type of background to 
use. Current recommendations suggest that a Tougaard background be 
used and that the higher BE position for the background be set well 
above the Fe 2p1/2 peak position [250,251]. The second problem is that 
there are significant loss lines from both the Fe 2p3/2 and Fe 2p1/2 peaks 
which are well separated from these major features in the Fe 2p spectra 
[252]. In the case of the Fe 2p3/2 peak, these loss lines fall beneath the Fe 
2p1/2 peak and at even higher BEs for the Fe 2p1/2 so the background has 
to be chosen to be at a higher BE than the last of these loss lines. On the 
background itself, only 55 % of the papers used the Shirley background 
with the rest using linear or not fitting the Fe 2p region at all.

Fig. 6. Binding Energy (BE) assignments for (a) Fe2O3 and (b) FeOOH. Cyan, green and yellow rectangles indicate areas where binding energy assignment is based on 
chemistry fitting, misidentification of either satellite structure or assignment of the Fe 2p1/2 peak as a separate iron species. Note: these regions change from one 
oxide to another. Also indicated are the spin orbit splitting for Fe2O3 and FeOOH taken from our own data. Data span all years covered in the review.
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Research into how to deal with the background is an active area with 
new approaches occasionally emerging. There is another approach for 
treating the Fe 2p region based on a process using the semiclassical 
dielectric response function which yields the composite spectrum but 
with symmetric peaks [250]. In this approach the inelastic background 
and satellite peaks are removed but the multiplet structure remains and 
needs to be dealt with. Tougaard’s group has put a lot of effort into 
addressing background removal [251].

5. Discussion

In this paper we have identified that there are three areas in which 
the treatment of the Fe 2p XPS region falls down: 

1. Misidentification of the Fe 2p1/2 peak as a separate chemical state,
2. Misidentification of Fe 2p3/2 satellite structure as a separate chemi

cal state
3. Use of Chemistry fitting to establish the presence of different Fe- 

oxides or other compounds and determine their relative composi
tion. 

The issues related to points 1 and 2 above have been discussed in 
detail in the body of the paper. They relate to ignorance of the 
physical processes behind the spectroscopy of the Fe 2p region. Issue 
1 is more fundamental than issue 2 and possibly lies in the back
grounds and qualifications of those using XPS with some researchers 

perhaps not coming into contact with quantum mechanics of the 
atom during their undergraduate education or careers. Satellite 
structure is a more complex topic and really relies on familiarity with 

Fig. 7. Examples of chemical states being assigned to peaks generated through 
spin-orbit splitting (a) only FeOOH has intensity in both 2p3/2 and 2p1/2 
components [78] (Reproduced with permission licence No.: 5995100169812) 
and (b) incorrect assignment of oxides [83] (Reproduced with permission 
licence No.: 1626533–1). Both figures indicate the spin-orbit splitting and (b) 
indicates a satellite peak that is not fitted.

Fig. 8. Two examples of chemical fitting of Fe 2p3/2 peak using a number of 
symmetric components. (a) is from Chen et al. [95] (Copyright © 2019 Chen, 
Deng, Liu and Zhang) and (b) is from Niu et al. [91] (Reproduced with 
permission licence No.: 1626537–1). Fine dotted lines extend from the peak 
maxima in (a) to the figure in (b) to indicate where the peaks in a fall in (b). 
Note that there is no real agreement between the assignments.

Fig. 9. Percentage compliance for using the Chemistry and Envelope fitting 
approach, percentage papers quoting the Biesinger paper [8], percentage fitting 
of the full Fe 2p region and percentage using the Shirley background. Note: The 
chemical approach has been proven to provide no useful information about the 
oxide composition on the surface [2]. Data Span 2015 to 2024.
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empirical studies in the literature examining satellite structure of 
specific compounds or familiarity with theoretical QM studies of 
these structures. In both instances, however, information is available 
on-line as well as in the literature and reference sources (e.g. un
dergraduate books on quantum mechanics). 

The issue of multiplet structure and the need to use a fitting 
approach to accommodate this feature is another complex problem. 
First, the physics is more complex than that of satellite structures, so 
researchers need to be guided by the experts in this area rather than 
make up their own rules. Second, it should be recognised that en
velope fitting is a midstep between full fitting, based on theory, and 
chemistry fitting. Fig. 1 clearly demonstrates that the chemistry 
approach falls short in it’s very poor reproduction of the XPS enve
lopes of oxides. The aim of the envelope approach is to reproduce the 
XPS peak shape using a number of peaks based loosely on the un
derlying multiplet structure. It is limited to determining the per
centage of different oxide (or other chemicals) contribution to the Fe 
2p3/2 peak. Intensities derived from this approach should not be used 
directly in quantitative analysis to determine atomic ratios with 
respect to other species. Instead, the full Fe 2p intensity, determined 
from either survey or high resolution scans, should be used then the 
fraction of a particular oxide can be determined using the percent
ages derived from envelope fitting results on the Fe 2p3/2 peak. 

As to actions that need to be undertaken, there is an immediate 
need for a vast improvement in the way XPS data for the Fe 2p region 
is reported and analysed. The following recommendations for spe
cific parties are suggested: 
a. Authors: Generally better reporting of instrument type and oper

ation is required to bring it to an appropriate standard for scien
tific reporting. With respect to fitting, the envelope approach, 
rather than the chemistry approach should be adopted. If this is 
not possible then only the experimental data should be reported.

b. Journals: Adopt new standards to ensure that reporting is up to 
basic scientific standards. A general practice to be implemented is 
to have a combined basic scientific reporting as well as a plagia
rism check during the manuscript submission stage for authors. In 
case of flaws, they can and should be repaired prior to final sub
mission and further editorial and reviewer handling. This could be 
done through basic questionnaires to the authors and imple
mentation of large language models as part of an AI-assisted 
manuscript submission process.

c. Journals: Develop methods to screen for limited or flawed data 
analysis procedures. Since it is possible to automate plagiarism 
tests, then why not look for indicators of the data analysis 
approach, thereby essentially relieving responsibility from editors 
and reviewers to identify these fundamental errors. This will have 
the added benefit of saving time for reviewers having to address 
obvious sub-standard analysis. At some stage in the future 
perhaps AI-assisted manuscript review could occur at the time of 
submission.

d. Journals: Remove impediments to authors to fully report experi
mental procedures such targeted plagiarism tests on experimental 
sections of papers.

e. Other approaches – scientific committees within institutions to 
examine papers prior to sending to review which will develop a 
reputation of high standards for journals that adopt this approach.

6. Conclusions

In this paper the authors have reviewed the fitting of XPS spectra of 
the Fe 2p region in a large number of papers from the corrosion litera
ture. These papers have been identified using a SCOPUS search and 
represent papers published in the most reputable journals in the field. A 
number of shortcomings have been found in the literature. These 
include: 

1. Poor reporting of details of experimental techniques.
2. Poor understanding of the physics of the spectroscopy of the Fe 2p 

region. This has led to incorrect analysis of the Fe 2p region due to 
the adoption of poor fitting approaches.

3. Poor use of references with authors referring to papers quoting Fe 2p 
BEs in the text but where the reference does not itself make the 
quoted assignment.

4. In a few cases leading to complete fabrication of peak assignments.

The authors offer guidance to the research community on proper 
scientific reporting and data analysis approaches as well as some sug
gestions for the improvement of the status quo in the literature 
providing guidance for both authors and journals. These suggestions 
include recommendations and guidance (i) to authors to elevate the 
level of detail and completeness of scientific reporting and data analysis 
prior to manuscript submission, and (ii) to journals to enhance their AI- 
assisted plagiarism and data analysis assessment prior to and upon 
manuscript submission to relieve the responsibility imposed on journal 
editors and reviewers during the subsequent manuscript handling 
stages.
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