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ABSTRACT
The oxygen, O1s core level, is diagnostic in the study of metal oxides, revealing the formation of hydroxides, carbonates and other 
oxygen-containing species in X-ray photoelectron spectroscopy (XPS). This insight paper gives an overview of the complexities 
that may be overlooked in the analysis of oxygen core-level spectra and aims to give practitioners of the technique a reasoned 
approach to the assignment of oxygen speciation.

1   |   Introduction

The analysis of metal oxides using X-ray photoelectron spectros-
copy (XPS) is common, given their role in areas such as catalysis, 
energy storage, electronics and the understanding of corrosion 
[1–4]. Understanding changes in the surface chemistry of metal 
oxides, such as reduction or the formation of hydroxides and car-
bonates, allows significant mechanistic insight into the surface 
processes occurring.

Regretfully, it is not uncommon for photoelectron spectra to be 
both over and erroneously analysed by inexperienced analysts, 
although efforts are being made to combat this [5, 6]. To date, 
papers have been published on the analysis of C1s spectra [7, 8]; 
however, data within this spectral region generally complement 
the O1s spectrum, and if the analyst is to quantify the oxygen 
spectrum with confidence, then all sources of oxygen should be 
accounted for. This has led to the availability of calculators to 
correct for the oxygen associated with adventitious carbon [9].

In this paper, we introduce for those new to XPS, a logical ap-
proach to the analysis of O1s spectra for metal oxides and whilst 

we will not focus on polymers, we note excellent resources on 
the binding energies for polymer oxygen functionalities have 
been previously published [10, 11]. Furthermore, we wish the 
reader to note the logical approach discussed herein for metal 
oxides is equally valid for the analysis of polymers and other 
materials.

2   |   Discussion

We split our discussion into smaller, focused sections. Where 
we present O1s binding energies, these have been calibrated to 
284.8 eV and cross-checked using the metal core-line as a sec-
ondary reference point [12].

2.1   |   Features of the O1s Spectrum

The O1s spectrum of metal oxides will generally have contribu-
tions from lattice oxygen (O2−), hydroxide (-OH) and carbonate 
(-CO3), the proportions of which will depend on the sample stor-
age and handling. As shown in Figure 1, each of these species 
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has a distinct binding energy range, which is influenced by the 
bonding of the metal to the ligand. This bonding is, in turn, af-
fected by the size and coordination of the metal cation [13].

Clearly as Figure  1 shows, there are overlapping energies for 
oxides and hydroxides, and similar overlaps for hydroxide and 
carbonates. Subsequently, before assignment of any surface 
chemistry, possible surface species should be identified based 
on knowledge of the sample history (such as handling, storage 
or a reaction environment) and the presence of a corroborating 
signal, for example, a C1s signal at ~289 eV for carbonate.

Other oxygen signals may arise from sulphates (~168–169.5 eV) 
[14, 15] and phosphates (~531–533 eV) [16, 17], whilst for Na-
containing compounds, signals arising from the Na KLL Auger–
Meitner signal when using an aluminium X-ray source can add 
further confusion.

Small energy loss features may also be noted roughly between 4 
and 12 eV above the lattice oxide signal, and their positions mea-
sured by reflection electron energy loss spectroscopy (REELS)—
see, for example, CeO2 and TiO2 [18, 19].

2.2   |   Fitting of the O1s Spectrum

Fitting of the O1s spectrum is not always necessary, and a more 
qualitative view of the spectrum can be taken. Should fitting 
be required, the minimum number of justifiable peaks should 
be used to avoid possible over interpretation of the spectral en-
velope. All data presented has been acquired using a Thermo 
Scientific K-alpha+ photoelectron spectrometer at pass energies 
of 40 eV, the 400-μm spot mode, which gives an X-ray power of 
72 W (6 mA × 12 kV). The spectra were recorded using a 0.1 eV 
step size and a 50 ms dwell time and using a dual-beam charge 

compensation system (Beam 0.4 V, emission 150 μA, focus 20 V, 
extract 50 V and a gas cell voltage of 20 V). All data has been 
calibrated to the C1s peak taken to be 284.8 eV.

2.3   |   Simple Oxides

Unless a material exhibits a significantly rich and varied surface 
chemistry, such as that in perovskite oxides [20, 21], then gen-
erally two or three peaks are sufficient. Depending on the pass 
energy and assuming good charge compensation, the FWHM of 
the peaks will generally be between ~1.2–1.6 eV, with hydrox-
ides, sulphates and phosphates generally slightly higher, varying 
between ~1.6–2.0 eV.

This can be seen in Figure 2, where the O1s spectra of hydrated 
MgO and a commercial ZrO2 are fitted with lattice oxide and 
hydroxide signals only because the C1s spectra show minimal 
adventitious carbon contamination. In both cases, the spectra 
have been fitted with a Voigt-like function (LA(50) in CasaXPS) 
and reveal FWHM of ~1.4 eV for the lattice oxide and ~2.0 eV for 
the hydroxide.

The spectra in Figure 2 are simple cases, and whilst it can be 
argued that fitting is not necessarily required, they do illustrate 
the need to keep to a minimum number of justifiable peaks for 
fitting and that not all peaks for a given core-level will have the 
same FWHM.

2.4   |   Complex Oxide Systems

A more complicated example is shown in Figure 3, where the 
fitted O1s and associated core-level spectra for an air-exposed 
perovskite, LaSrCoO3, are shown. These materials are known 

FIGURE 1    |    Plot of O1s binding energy ranges collated from [14].
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to react with the atmosphere, forming carbonates [20] and may 
also undergo some degree of surface segregation [21]. The com-
plex O1s spectral envelope is generally interpreted as different 
oxides, with molecular oxygen and water [22].

To analyse the O1s spectrum with increased confidence, in-
formation from all other core-levels must be considered. From 
the C1s spectrum (Figure 3d), we note the presence of carbon-
ate at ~289 eV; hence, we should expect some CO3 contribu-
tion to the O1s spectrum (between 530 and 532 eV based on 
Figure 1).

The Co2p spectrum (Figure  3e) reveals a single, Co3O4-like 
oxide state [23], whereas inspection of the La3d5/2 spectrum 
(Figure  3b) notes that the shape and splitting of the La3d5/2 
are not commensurate with those of reference La compounds. 
Subsequent fitting reveals two La states with 3d5/2 splitting val-
ues of 3.8 and 3.4 eV, likely attributable to La–OH (or La–O–OH) 
and La–CO3 bonds [24, 25]. Hence, we expect a signal for OH in 
the O1s spectrum in addition to that already noted for CO3.

Finally, fitting of the Sr3d spectrum (Figure  3c) reveals three 
distinct states at ~131.5, 133.5 and 135.0 eV. Whilst there is a 

FIGURE 2    |    Fitted O1s spectra of (a) hydrated MgO and (b) fresh ZrO2. Red = lattice oxygen and green = surface hydroxide.

FIGURE 3    |    (a) Fitted O1s spectrum for LaSrCoO3, with (b) La3d5/2, (c), Sr3d (d) C1s and (e) Co2p core-level spectra showing the different specia-
tion for each element. For clarity, the spin–orbit splitting for the peaks have been merged into individual peak envelopes. The O1s assignments are 
discussed in the main text and Table 1.

TABLE 1    |    Assignments of the O1s species in Figure 3a supported by analysis of the other core-level spectra.

O1s binding energy/eV Peak FWHM/eV Assignment Reference(s)

528.5 (purple) 1.1 Lattice oxygen in perovskite [26, 27, 29–31]

529.5 (blue) 1.2 M–O (M = Co, Fe, Sr) in oxide [26, 27, 30, 31]

531.0 (orange) 1.8 Hydroxyl groups and carbonate [20, 26, 27, 30, 31]

533.0 (green) 1.9 Organic, water or loss feature [12, 26, 27, 29, 30, 32, 33]
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degree of uncertainty in the binding energy of some pure Sr 
compounds, likely due to surface hydroxides and/or carbonates 
in previously measured reference materials, these energies are 
generally attributed to Sr in the perovskite, Sr(OH)2/SrCO3, and 
Sr-halides [12]. However, as the sample is halide-free, it is possi-
ble these are caused by SrO-like islands, as noted for SrTiO3 and 
similar materials [26–28].

Armed with knowledge of the metal speciation, we can fit and 
assign the O1s spectrum, as shown in Figure 3a, with a more 
informed view. Whilst there may still be some uncertainty due 
to the multiple possible oxides, hydroxides and carbonates, we 
can assign the species as shown in Table 1.

The peak assigned as hydroxide at 531 eV is broad and consistent 
with the larger FWHM expected for these compounds. The peak 
around 533 eV has previously been attributed to water, although 
this is typically achieved at cryogenic temperatures [34]. Under 
vacuum conditions of < 10−9 mbar, it is likely that water will 
have desorbed; hence, this is a result of a surface carbonate spe-
cies or a loss feature inherent to the O1s spectrum. Furthermore, 
it has been shown that water on LaCoO3 dissociates to form hy-
droxide and that no molecular water is noted under UHV [35]. 
More importantly, the assignment of the species is consistent 
with that predicted from computational modelling with tandem 
experimental analysis [30].

Any further analysis than the above would be mostly futile but 
also highlights the need for users to either record their own, 
traceable reference spectra for comparison or refer to peer-
reviewed reference data such as those in [36].

2.5   |   Overlapping, Neighbouring and Screened 
Photoelectron Signals

The successful analysis of the oxygen speciation can be com-
plicated by overlapping signals (e.g., Sb3d5/2 and Pd3p3/2), 
neighbouring photopeaks (e.g., V2p1/2) or Na KLL Auger–
Meitner peaks, as previously stated. In such cases, peak 
shapes derived from bulk compounds and fitting constraints, 
such as spin–orbit splitting, can be used, and some examples 
are shown in Figure 4.

La2O3 (Figure 4a) has a lattice oxide peak at 530.5 eV, with a sec-
ond between 532 and 533 eV, which was previously attributed 
to water or hydroxide groups [25]. As discussed in [25], the ex-
pected stoichiometry is observed, with no evidence in the va-
lence band spectrum for water or hydroxide, and the origin of 
this peak has been linked to structural effects. Materials such 
as Sb2O3 (Figure  4b) and mixed Pd metal and oxide systems 
(Figure  4c) can be fitted using known spin–orbit splitting ra-
tios and distances, using information from other primary (e.g., 
Pd3d) core-levels for evidence of multiple metal speciation.

There are instances where features in the O1s spectrum, such as 
screened states, can be misinterpreted as a particular state. For 
example, the O1s spectrum for the anhydrous form of the con-
ducting oxide IrO2 has an asymmetric profile with an apparent 
shoulder at ~531 eV. Based on binding energies alone, this could 
be assigned as hydroxide; however, this has been shown to be a 
screened state caused by conduction electrons [37, 38], although 
a higher intensity would suggest hydroxide is present and the 
sample is becoming hydrated [37].

2.6   |   A Comment on Oxygen Vacancies

The role of oxygen vacancies in surface reactivity is well known 
and therefore cannot be overlooked in the present discussion of 
O1s spectra. Many papers have discussed oxygen vacancies and 
the actual assignment to oxygen species in the range 531–532 eV 
[33, 39–41], whilst a recent paper by one of the present authors 
critically examines the use of XPS in such analysis [6], conse-
quently, we exhibit brevity in our discussion here.

The basis of XPS requires the ejection of a photoelectron and 
measuring its kinetic energy to infer a binding energy. The term 
vacancy implicitly implies there is no electron to eject, so we con-
sequently cannot measure these vacancies. Any vacancy, given 
its increased reactivity, will quickly become saturated through 
the dissociative adsorption of gaseous species (e.g., water).

To highlight this common misnomer, we show in Figure 5, the 
argon cluster etching (6 kV, 2000 atoms, 20 s per cycle) of a TiO2 
single crystal. Evident in the overlayed Ti2p spectra is the for-
mation of reduced Ti3+ states; however, the corresponding O1s 

FIGURE 4    |    Core-level spectra for (a) La2O3, (b) Sb2O3 (dark pink = Sb, pink = O) and (c) a mixed, Pd/PdO system (blue = PdO, lilac = Pd metal, 
green and red are hydroxide and oxide respectively). Inserts, where plotted, show the primary metallic core-levels.
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spectra reveal a decrease in the high binding energy shoulder, 
going against the assignment of a vacancy peak.

Such observations are supported by computational modelling 
which indicates the binding energy of defective lattice oxygen 
should only differ by ~0.2 eV [41–43] and that the quantification 
of defects should be made via Raman [44, 45] or inferred from 
the presence of reduced metallic states, such as Ti3+ [46], not-
ing some measurements would be characterising the bulk defect 
density.

2.7   |   Why Does the Lattice Oxide Binding Energy 
Change?

A question commonly asked by those new to XPS is why the lat-
tice oxide peak differs in binding energy between, for example, 
SiO2 and TiO2.

Recall that the binding energy of a photoelectron will change 
depending on the nature and strength of the bonding of the 
emitting atom to another atom, such as a ligand, and the degree 
of charge transfer. For metal oxides, the degree of covalency (or 
ionicity) will influence the M–O bond strength; hence, the ob-
served binding energy.

Taking the example of SiO2 and TiO2, we note that the Si–O bond 
(binding energy 532.7 eV) is more covalent than the Ti–O bond 
(binding energy 529.8 eV) and hence exhibits a higher binding 
energy. Similarly, for more ionic character in M–O bonds, we 
note a decrease in the binding energy. These observations can be 

linked to the oxygen ions in covalent systems being less charged 
than a corresponding ionic system, where the charge on the ox-
ygen is more localised [47–49]. This is exemplified by comparing 
CeO2 and UO2, where despite identical electronegativity differ-
ences and Madelung potentials, partial charge analysis suggests 
that CeO2 is more ionic and this is observed in the lattice oxygen 
binding energies, which differ by ~1 eV [47]. However, there will 
always be factors causing deviations from this, as discussed by 
Bagus and co-workers [13, 50–52].

2.8   |   Near-Ambient Pressure XPS (NAP-XPS)

In our discussion herein, we cannot ignore the increased avail-
ability of near-ambient pressure (NAP) systems, which have 
opened new avenues in XPS analysis and introduced new oxy-
gen signals to the O1s spectrum.

In these systems, charge compensation is typically achieved 
using a noble gas or air [53], or water [54]. Each of these gases 
will have their own gas phase spectroscopic signature [55, 56]. 
Consequently, in addition to the lattice oxygen of a metal oxide, 
species that may be present include a thin liquid water layer, 
oxygen-containing gaseous species (e.g., O2, NO, CO and CO2) 
and other reaction gases [57, 58].

Thankfully, the binding energy of oxygen-containing gas-
phase species is generally found at energies greater than 
533 eV than surface species, so overlap is minimal; a detailed 
discussion with examples of such NAP-XPS experiments is 
given in [58, 59].

3   |   Summary

This note has been prepared to address the over analysis of 
O1s spectra which, like its C1s counterpart, is becoming com-
monplace in the literature. A simple, systematic approach has 
been discussed, which utilises metallic, C1s and other core 
levels to assess the contributions to the O1s spectra. The ap-
proach has been highlighted with worked examples of differ-
ing complexity.

Although focused on the oxygen spectra, we emphasise the log-
ical approach presented herein applicable to all spectral regions, 
where cross-referencing with other core levels to elucidate pos-
sible chemical states should be made.
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