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otoelectron spectroscopy data to
chemical bonding in MXenes†

Néstor Garćıa-Romeral,a Masoomeh Keyhanian,ab Ángel Morales-Garćıa a

and Francesc Illas *a

The relationship between core level binding energy shifts (DCLBEs), that can be experimentally determined

by X-ray photoelectron spectroscopy, and chemical bonding is analyzed for a series of MXenes, a new

family of two-dimensional materials with a broad number of applications in nanotechnology. Based on

first-principles calculations, the atomic and electronic structure of bare and O-terminated carbide

MXene with M2C and M2CO2 (M ¼ Ti, Zr, Hf, V, Nb, Ta, Cr, Mo, and W) stoichiometries are investigated

with a focus on trends in the C(1s) and O(1s) DCLBEs, including initial and final state effects, along with

the series. A rather good linear correlation between the available experimental and calculated C(1s) and

O(1s) DCLBEs exists, with quantitative agreement when final state effects are included, that validates the

conclusions from the present computational approach. The present study shows that DCLBEs of bare

MXenes are governed by the initial state effects and directly correlate with the net charge on the C

atoms. However, for the case of O-terminated MXenes, C(1s) and O(1s) DCLBEs exhibit a much less

significant correlation with the net charge of either C or O atoms which is attributed to the structural

changes induced on the M2C moiety by the presence of the O layers and the different stacking

sequence observed depending on the MXene composition. The present study shows how and when XPS

can be used to extract information regarding the nature of the chemical bond in bare or functionalized

MXenes.
1. Introduction

The term MXenes stands for a rapidly growing new family of
two-dimensional (2D) materials discovered in 2011 by Naguib
et al.1,2 This new class of materials involves transition metal
carbides, nitrides, and carbonitrides which are commonly ob-
tained from chemical exfoliation and sonication of layered
ternary carbide or nitride precursors usually referred to as MAX
phases.3–5 These exhibit a general Mn+1AXn chemical formula
where n indicates the number of atomic layers (n ¼ 1, 2 and
3), M corresponds to an early transition metal, A involves an
element from groups 13 or 14 such as Al or Si, and X denotes C
or N. From a given MAX phase the corresponding MXene with
general Mn+1Xn chemical formula is obtained by a selective
chemical etching of the M–A bond. However, because of the
synthesis conditions, the MXene surfaces are always function-
alized. To take this feature into account it is usual to employ the
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Mn+1XnTz notation, where Tz represents a mixture of possible
functional groups such as O, F, OH, Cl, and H.6,7 Nevertheless,
cleaning procedures8 and new synthetic methods9 are being
developed that allows one engineering surface terminations so
that, eventually, bare MXenes could be obtained and subse-
quent applications envisioned.

Because of the unique electric and ionic conduction, optical,
plasmonic, and thermoelectric properties exhibited by
MXenes,10 a rather large number of applications have been
envisaged.6 Initially, these were mostly related to ion batteries,
specically as supercapacitors,11 and energy storage.2 However,
the number and type of applications have been rapidly growing
including, for instance, water purication,12 lubrication, gas
and energy storage, reinforcement for composites, gas- and
biosensors, electromagnetic interference shielding, among
other, as summarized in several recent reviews,13,14 an exhaus-
tive monography15 and other recent studies including a detailed
theoretical description of O-covered MXenes.16 Furthermore,
MXenes have also been proposed as efficient systems in elec-
trocatalysis although with increasing experimental and theo-
retical studies related to applications in heterogeneous
catalysis.17 This broad number of application has triggered
several theoretical studies, mostly aimed at studying mechan-
ical and electrical properties,15 mechanism in catalysis and also
to use computational screening to unravel the surface structure
Nanoscale Adv., 2021, 3, 2793–2801 | 2793
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of functionalized MXenes18 or to propose new MXenes for
energy applications.19 In spite of all these efforts, fundamental
studies have essentially focused on the nature of the chemical
bond in MXenes and trends along similar materials are still
lacking.

Due to the broad diversity of MXenes, arising from the
combination of composition and surface functionalization, it is
important to understand the inuence of both chemical variables
on the resulting chemical bonding and electronic structure. This
information is crucial when aiming at using these materials as
heterogenous catalyst17 or as supports for single atom catalysts
(SACs) as recently proposed.20,21 There is experimental evidence
that, in general, MXenes exhibit a metallic character,22,23 as their
MAX precursors,24 although computational studies show that
both bare and functionalized MXenes exhibit strong covalent
bonding between the transitionmetal and the X element and also
between the transition metal and the surface chemical groups.25

This allows one to modulate the electronic properties of these
materials through termination and intercalation.26

Regarding the nature of the chemical bond in these mate-
rials, most of the available information is extracted from stan-
dard density of state plots arising in turn from the band
structure provided by periodic density functional theory (DFT)
based calculations.25,27 However, apart from these general
features, there is no systematic information regarding trends in
the chemical bond in these materials and, more importantly, on
how to identify these trends by suitable experiments. Clearly,
a more quantitative, scientically sound description of the
chemical bond in these materials and of trends along the series
is needed. X-ray Photoelectron Spectroscopy (XPS) is a widely
used analytical technique applicable to different types of
materials and exhibits surface sensitivity.28,29 Most oen, XPS is
routinely used for materials characterization since it deter-
mines the core level binding energy (CLBE) of elements which
can be univocally assigned. The intensity of the XPS peaks
allows to determine the concentration of the constituents.
Precisely, XPS has been recently used to explore the surface
termination of a series of MXenes with several relevant
conclusions regarding the composition of these systems and
the effect of the number of atomic layers.30 This technique has
also been used to characterize a WC1.33 MXene with ordered
carbon vacancies.31 Here, it is important to point out that, in
addition to chemical analysis, the shi of a given CLBE with
respect to a well-dened reference (DCLBEs) may be used to
assign oxidation states or to provide information regarding the
chemical environment of the core ionized atom, and hence
extract information about the underlying chemical bond in the
material analyzed. This is because, in general, it is possible to
use theoretical method to determine the physical origin of the
measured DCLBEs. Bagus and coworkers have pioneered the
study of the relationship between measured DCLBEs and
properties dening the type of chemical bonding in molecules,
surfaces and solids: see reviews in ref. 32–34. They have
provided compelling evidence that DCLBEs are dominated by
charge transfer, polarization, hybridization and electric eld
effects with charge transfer being oen the dominant and the
one chosen to analyze in the present work.
2794 | Nanoscale Adv., 2021, 3, 2793–2801
While the use of XPS for materials characterization—quali-
tative and quantitative analysis as well as determining oxidation
state—is done in an almost routine way, the use of XPS to
extract information from the chemical bond in the material of
interest requires some additional, deeper analysis, usually
relying on unbiased rst-principles theoretical based calcula-
tions. The aim of the present work is to present this analysis for
a series of bare and oxygen covered MXenes with M2C and
M2CO2 general formula, respectively. To this end, we rst
analyze the trends in the calculated C(1s) in the bare M2C
MXenes using graphene as a reference and will provide evidence
of the relationship between the DCLBEs that can be experi-
mentally measured and net charge on the atoms derived from
analysis of electron density. Note that this reference is selected
on the basis of the analogous atomic arrangement of carbon
layer in MXenes. Next, we focus on the trends for the C(1s)–
O(1s) CLBEs for the O-terminatedM2CO2MXenes where a direct
comparison between theoretical and experimental values is
feasible. Here, a good agreement between theory and experi-
ment is found, provided nal state effects are taken into
account, which validates the overall computational approach.
Finally, we will provide information on how the presence of an
oxygen termination inuences the charge density distribution
and how this can be visualized from XPS measurements.
2. Material models and
computational details

The present work focuses on a series of bare M2C(0001) and O
functionalized M2CO2(0001) MXene surfaces with M ¼ Ti, Zr,
Hf, V, Nb, Ta, Cr, Mo, and W (Fig. 1). Each one of these systems
is represented by a periodic model with a unit cell replicated in
the three dimensions of space. Since the materials are genu-
inely two-dimensional, a vacuum width of 10 and 16 Å is
included for M2C and M2CO2 systems, respectively, to avoid the
interaction between the replicas. The smallest sandwich-like
unit cell for the M2C(0001) systems contains just three
atoms—two M and one C—whereas that of the M2CO2(0001)
systems contains ve atoms. To perform the structural relaxa-
tion, we choose a large 3 � 3 supercell. The purpose of this
choice is two-fold. First, to avoid any possible bias introduced
by a too strict the periodic symmetry, especially in the O-
terminated MXenes, even if this naturally appears in the
calculations. Second and more important, to ensure that only
one atom (either C or O) is core ionized in the nal state
calculations (vide infra) thus minimizing the interaction with
the core holes. These supercells contain 27 and 45 atoms for
M2C(0001) and M2CO2(0001) systems, respectively. In spite of
using this larger supercell, the structural relaxation using the
density functional theory described below converged to a situa-
tion where the 1� 1 periodicity is maintained. Hereaer we will
refer to M2C(0001) and M2CO2(0001) surfaces simply as M2C
and M2CO2.

Spin-polarized DFT based calculations were carried out
using the Perdew–Burke–Ernzerhof (PBE),35 a density functional
of the Generalized Gradient Approximation (GGA) family, to
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Side and top views of bare M2C(0001) andO-functionalizedM2CO2(0001) MXene surfaces. Two different structures of oxygenatedMXene
are depicted, a fcc-type O termination where every O atom is at the fcc-hollow site with a stacking sequence ACBAC, and a hcp-type O
termination where every O atom is at the hcp-hollow site with a stacking sequence BCBAB. Blue, yellow and red spheres correspond to early-
transition metal (Ti, V, Cr, Zr, Nb, Mo, Hf, Ta, and W), carbon, and oxygen atoms, respectively.
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describe the exchange–correlation potential which is known to
accurately describe transition metal carbides,36 transition
metals bulk,37,38 and surfaces.39 Since we are concerned with the
bulk properties of these materials, dispersion was not included.
Note that in the case of O-terminated MXenes, the O atoms are
strongly bonded to the MXene surface with adsorption energies
larger than 7 eV. All calculations were performed by using the
Vienna Ab initio Simulation Package (VASP)40–42 where the
Kohn–Sham equations are solved in a plane-wave basis set and
the interaction between the valence electron density and the
atomic cores is described through the Projector-Augmented
Wave (PAW) method.43 The plane wave expansion was dened
by a kinetic energy cut-off of 415 eV, high enough to consider
the results converged with the basis set within 1 meV. The
numerical integrations in reciprocal space were carried out
using a Monkhorst–Pack44 grid of 5 � 5 � 1 special k-points.
The geometry optimizations are considered converged when the
forces acting on the nuclei are all below 0.01 eV Å�1.

For the different optimized structures, a topological study of
the charge density based on the Bader analysis45 has been
carried out to estimate net atomic charges that will be thereaer
used to correlate with the core level binding energy shis ob-
tained as indicated in the following section. The Bader charges
were computed using the code provided by Henkelman et al.46

which is linked to VASP package.

3. Approaching the core level binding
energies

For theM2C optimized structures, we focused on the C(1s) CLBE
and for the M2CO2 ones, both C(1s) and O(1s) were investigated.
Strictly speaking, CLBEs correspond to the total energy differ-
ence between the neutral and core ionized systems as in eqn (1)
© 2021 The Author(s). Published by the Royal Society of Chemistry
CLBEi ¼ E(N � 1, i-level) � E(N) (1)

where E(N) and E(N � 1, i-level) are the total energy of the
neutral system and of that system with one electron removed
from the ith level. Note that the computed CLBEs in eqn (1) are
positive and can be directly compared to XPS measured values.
For atoms and molecules, this is a common practice and the
procedure is usually referred to as DSCF as it implies taking the
energy difference of two variational quantities each obtained
through a self-consistent eld approach.32–34 For molecular
systems involving rst-period elements, the CLBEs thus
computed from Hartree–Fock (HF) or hybrid DFT methods are
in very good agreement to experiment with PBE performing
slightly worse than HF and PBE0 and TPSS performing slightly
better.47 Nevertheless, as far as shis are concerned, the effect of
the functional is even smaller with absolute errors below 0.5 eV,
a relatively small gure taking into account that CLBEs for these
elements are in the 200–600 eV range.48,49 Importantly, the effect
of the density functional on the error in CLBEs with respect to
a given reference, the so-called CLBE shis (DCLBEs), is even
smaller, a fact that supports using theoretical predictions, with
either HF or a suitable DFT method, for XPS interpretation
beyond analytical determination.32–34,47 In the case of dealing
with surfaces and solids, the DSCF approach can still be used,
provided the extended system is represented by a suitable
embedded cluster model. For periodic models, the DSCF can
only be applied by introducing some approximations such as
using sufficiently large supercells to minimize hole–hole inter-
action, adding a compensating uniform background to provide
a neutrally charged unit cell, by promoting one electron from
the core to the conduction band instead of the vacuum or by
using the transition state approaches that involve half occupa-
tion of the core hole.50
Nanoscale Adv., 2021, 3, 2793–2801 | 2795
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Table 1 Kohn–Sham orbital energy (31s), Fermi energy (3F), initial and
final state C(1s) CLBE (IS-CLBE and FS-CLBE respectively) relative to
the Fermi energy of each system (see eqn (2)) and net charge on the C
atom (QC) of bare M2C MXenes. The number of d electrons in the
corresponding metal (dn) is also provided. The units of energetic
parameters (31s, 3F, and CLBE) are in eV, whereas QC units are jej

MXene dn 31s (IS) 31s (FS) 3F IS-CLBE FS-CLBE QC

Ti2C d2 �265.4 �290.6 �0.3 265.1 290.3 �2.3
Zr2C �265.9 �291.0 �0.7 265.2 290.3 �2.2
Hf2C �265.7 �290.7 �0.7 265.0 290.0 �2.5
V2C d3 �265.8 �291.4 �0.3 265.5 291.1 �2.0
Nb2C �266.8 �291.9 �0.7 266.1 291.2 �1.9
Ta2C �267.0 �292.6 �1.2 265.8 291.4 �2.2
Cr2C d4 �267.4 �292.8 �1.6 265.8 291.2 �1.7
Mo2C �267.6 �292.3 �0.9 266.7 291.6 �1.6
W2C �267.4 �292.7 �1.0 266.4 291.7 �1.4
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Even if for molecular systems the agreement between
DCLBEs predicted by DSCF calculations and experiment is
generally excellent, it is important to realize that the informa-
tion regarding DCLBEs arises from the core-ionized systems.
Thus, one may wonder whether using DCLBEs to extract infor-
mation regarding the neutral systems is justied, an important
question that routine use of XPS oen disregards. The answer to
this question is provided by theory through the decomposition
of CLBEs and DCLBEs into initial and nal state effects,32–34,51

the former corresponds to the value of either CLBE or DCLBE
that will be obtained using for the ionized system strictly the
wavefunction (or the electron density) of the neutral one with
just one electron less. The importance of the decomposition of
CLBEs and DCLBEs into initial and nal state contributions has
been highlighted recently in the framework of the so-called
equivalent core model.51

The difference between initial and nal state CLBEs is the
relaxation energy, the gain in energy due to the response of the
electron density to the presence of the core hole. The relaxation
energy may be large, of the order of 10–30 eV for the 1s core hole
in rst period atoms. However, there is compelling evidence
that, to a large extent, the relaxation energy is a quite local
atomic quantity. As a result, for a broad number of materials,
DCLBEs are dominated by initial state effects. This statement is
important because, on the one hand, justies the use of XPS to
analyze the chemical bond of the materials in the neutral
unionized state and, on the other hand, provides a rather
simple way to analyze DCLBEs in solids.

In the case of using the HF method, Koopman's theorem52

ensures that the energy difference leading to the initial state
contribution to the CLBE is equal to minus the orbital energy
from which the electron is removed. This provides a very useful
framework for the interpretation of CLBEs in terms of orbitals
as recently highlighted.53 In the case of using DFT, the Kohn–
Sham orbital energies do not provide an approximation to the
absolute CLBE value, but it has been shown that these orbital
energies provide reliable trends for DCLBEs and, hence, can be
used to provide initial state estimates.54

In the present work, we will rely on both the initial state and
nal estimate of CLBEs and DCLBEs for C(1s) in M2C, and C(1s)
and O(1s) for M2CO2. Unless specied, we will use DCLBEs to
refer to initial state values. The initial state CLBEs are estimated
from the Kohn–Sham orbital energies corresponding to the
PAW as implemented in VASP and referred to the Fermi level of
each material as in eqn 2

CLBEi ¼ �[3i � 3F], (2)

where 3i and 3F are the Kohn–Sham orbital energy for the cor-
responding core level “i” and the Fermi energy, respectively.
This is a necessary reference for a proper comparison between
different systems, but it is not necessary when comparing two
core levels in a given system such as C(1s) and O(1s) in M2CO2

MXene.
Final state effects are included using one of the different

formalisms also implemented in VASP. This relies on gener-
ating a core excited ionic PAW on the y.55 A survey of the
2796 | Nanoscale Adv., 2021, 3, 2793–2801
reliability of this and closely related methods in predicting
DCLBEs of a large database of gas phase molecules has been
recently reported.56 In that work, it has been shown that the so
called Janak–Slater (JSn) transition state method,57,58 accurately
predicts DCLBEs in the mentioned dataset of molecules. The JSn

approach considers a nal state where the core and vacuum
levels have a half occupation. Here we use the same JSn

formalism and, to nd additional technical details, the inter-
ested reader is addressed to ref. 56.
4. Results for M2C bare MXenes

The calculated values for the C(1s) CLBEs of the set of bare
MXenes considered in the present work, relative to the Fermi
level of each system, are compiled in Table 1, where 3i and 3F

values are reported for completeness. These are initial and nal
state values as they are derived from the core Kohn–Sham
orbital energies (3i in eqn (2)) as represented by the PAW
method. Table 1 also reports the calculated Bader charge on the
C atom of each MXene. Inspection of the results in Table 1
indicates that there are several features that need to be dis-
cussed. First, all C(1s) CLBE values are grouped in the 265–
266 eV range, these values are excessively low as reported
experimental values for MXenes are typically around 282 eV
although this is somehow arbitrary since relies on having the
analyzer calibrated to that the C(1s) of free C adjusted to
284.6 eV.59 Nevertheless, the range for C(1s) in bulk carbides
with respect to a different experimental reference; namely the
valence band edge which provides a more sound and repro-
ducible reference, is also around 282 eV.60,61

The underestimation of the initial state calculated C(1s)
CLBEs of MXenes based on the Kohn–Sham orbital energies has
two origins. One is general for all computational approaches
and comes from the fact that, differently from the case of
molecular systems where experimental and calculated CLBEs
are referred to the vacuum level, the calculated values for peri-
odic systems are referred to the calculated Fermi energy of the
material, this is precisely the reason why values in Table 1 are
referred to the Fermi energy of each MXenes (cf. eqn (2)). The
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Initial state (red dots) and JSn final state (blue dots) core level
binding energy shifts (DCLBE in eV) for the C(1s) in bare M2C MXenes
versus the Bader charge in the C atom (QC in jej). All values are relative
to the equivalent C(1s) CLBE in graphene (265.7 eV and 292.2,
respectively) and have been estimated from eqn (2). Solid red and blue
lines correspond to each linear fitting. The regression equations for the
initial state and JSn approaches are DCLBE ¼ 1.37QC + 2.74 (R2 ¼ 0.8)
and DCLBE ¼ 1.43QC + 1.61 (R2 ¼ 0.7), respectively.
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experimental reference may also vary and may rely on Fermi
level as measured from photoemission as the top of the valence
band, as in the work of Rodriguez et al.60 for transition metal
carbides and by Halim et al.30,62 for some MXenes. Yet, for
convenience, some previous work calibrated the analysis with
respect to some well-known references such as the so-called
adventitious carbon63 usually adjusted at 284.6 eV; this is the
case of the experiments reported by Naguib et al. for the Nb2C
MXene.59 It is worth noting that, in the case of using the
photoemission measured Fermi level, the adventitious carbon
is found around 283–284 eV.64 Hence, for analytical purposes,
both approaches lead to similar conclusions. The second cause
as the different reference simply comes from the fact that the
Koopman's theorem does not apply to DFT calculations and,
hence, Kohn–Sham orbital energies do not provide an estimate
of the initial state CLBEs.65 Better estimates can be obtained
when including nal state effects32,33,50 although, because of the
reference problem mentioned above, a comparison to experi-
ment based on absolute CLBEs values remains difficult.
Nevertheless, one must point out that, in some cases,
accounting for nal state effects is mandatory as we will show in
the following section.

To avoid problems originated from the choice of a given
reference, the common choice is to rely on DCLBEs, i.e. shis of
the core level of interest. In addition, this allows using the
Kohn–Sham orbital energies since, even if these do not repre-
sent the CLBEs, they provide a good estimate of DCLBEs.65 In
the present case we use graphene as a reference since, in
addition, provides a system where C atoms have all a zero net
charge. The graphene initial state for the C(1s) CLBE estimated
from the Kohn–Sham orbital energies and relative to the Fermi
energy is 265.7 eV, again much too low compared to the
experimental value for graphene at 284.6 eV. The hypothesis
here is that the error in graphene and MXenes is similar so that
the calculated initial state DCLBEs can be taken as rather
accurate. Below we will present results including nal state
effects that provide additional arguments supporting this
statement.

The differences in the C(1s) initial state CLBEs for each one
of the MXenes in Table 1 are small, thus indicating that the
DCLBEs are also small. In fact, all initial state DCLBEs are in the
[�0.7, +0.7] eV interval. Here, one may wonder whether these
differences are signicant and whether one can provide a sound
scientic explanation for the predicted variance. Several factors
are known to contribute to the DCLBEs of a given core level of
a given element which include charge transfer, hybridization
and coordination, among others with the rst one providing by
far the largest contribution, to the point the rest are oen,
sometimes incorrectly, neglected.32–34 To investigate whether
charge transfer is at the origin of such differences in the
calculated initial state DCLBEs, we present the correlation
between C(1s) initial and nal state DCLBEs and the Bader
charge in C atom as shown in Fig. 2. Indeed, a rather good linear
trend with a R2 parameter close to 0.8 is found conrming such
correlation for initial and nal state, respectively. It is worth
pointing out that taking the initial state DCLBEs directly from
the Kohn–Sham values without taking into account the Fermi
© 2021 The Author(s). Published by the Royal Society of Chemistry
energy also leads to a linear trend although with R2 ¼ 0.7.
Taking the values relative to the Fermi level provides not only
a more realistic comparison to experiment but also a better
relationship with respect to the charge in the core ionized atom.

To determine whether the inclusion of nal state effects
affects this correlation, the DCLBE values have been calculated
using the JSn approach above discussed with results shown in
Fig. 2. The linear trend is preserved with R2 ¼ 0.7 which
conrms that differences in the net charge in the MXene atom
originate observable shis in the C(1s) CLBE. This is a relevant
conclusion as it shows that a ne analysis of the XPS features in
MXenes provides valuable information about trends in the
chemical bond in these novel materials. It is worth noting that
the trends evidence three groups that correspond precisely with
the series along the periodic table. However, even for a given
triad such as Ti, Zr and Hf, there are slight differences in the
DCLBE and in the net charge in C that deserve a more accurate
and detailed analysis. In the next section, we investigate
whether similar conclusions hold for the oxygen covered
MXenes.
5. Results for oxygen covered M2CO2

MXenes

To investigate the optimum structure of the oxygen terminated
MXenes, two different structures of oxygenated MXene have
been considered. In the rst one, hereaer referred to as fcc-
type, the O atoms locate above the three-fold hollow sites
Nanoscale Adv., 2021, 3, 2793–2801 | 2797
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Table 2 Calculated initial state (IS), final state (FS) and available
experimental values (exp) for the C(1s)–O(1s) CLBEs in M2CO2 (M ¼
Ti, V, Cr, Nb, and Mo). D(FS � IS) stands for difference between IS and
FS values, which is almost constant, whereas D(FS � Exp) correspond
to the difference between FS and experimental values from the
references Exp column. Further details are given in Table S1. Numbers
in brackets correspond to references. All values are in eV

MXene IS FS Exp D(FS � IS) D(FS � Exp)

Ti2CO2 �241.7 �250.5 �249.4 (ref. 73) 8.8 �1.1
�249.2 (ref. 76) �1.3

V2CO2 �241.0 �250.9 �249.5 (ref. 72) 9.9 1.4
�249.2 (ref. 76) 1.7

Cr2CO2 �241.0 �249.6 �246.9 (ref. 75) 8.6 2.7
Nb2CO2 �240.9 �249.4 �250.0 (ref. 72) 8.5 0.6

�248.8 (ref. 76) �0.6
Mo2CO2 �240.5 �248.9 �248.0 (ref. 74) 8.4 0.9

�248.4 (ref. 76) 0.5
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formed by the M atoms (a fcc-hollow site) whereas in the second
one (hcp-type) the O atoms are located in the hollow-site directly
above a C atom in the middle layer (a hcp-hollow site) (Fig. 1).
Aer full structural relaxation, the total energies revealed that
fcc-type structure is preferred for the MXenes composed by Ti,
Zr, Hf, V, Nb and Ta transition-metal atoms whereas a hcp-type
structure is more favorable those MXenes composed by Mo, W,
with the case of Cr being somehow in between but closer to
a fcc-type structure, in agreement with previous ndings.66–71

Before attempting to nd correlations similar to that
described in the previous section, we focus on a comparison
between calculated and experimental values which is well
possible for these systems because one can just focus on the
difference between the C(1s) and O(1s) CLBEs which does not
require any additional reference. From the experimental side,
this shi corresponds simply to the difference between the two
experimental peaks whereas from the computational modelling
side one can just rely on the initial state CLBE values estimated
from the Kohn–Sham orbital energies without needing to refer
them to the Fermi energy which is common for the two core
levels. Unfortunately, experimental results are only available for
Ti2CO2, V2CO2, Nb2CO2, Cr2CO2 andMoCO2 and, in some cases,
the termination is not pure O but also involves OH groups (see
Table S1 in ESI† for further details).72–75 These structural
differences induce changes on the resulting XPS analysis.
Nevertheless, these cases suffice to check the reliability of the
present computational approach. Table 2 compiles the available
experimental core level binding energy shis between the C(1s)
and O(1s) peaks in these ve MXenes versus the equivalent
calculated initial (IS) and JSn nal states (FS) estimations.
Experimental values are taken from the literature summarized
in Table S1† where the reported tentative assignment is also
included; further details about experiments can be found in ref.
72–76. Let us start by analyzing the initial state predictions
where C(1)–O(1s) shis are systematically underestimated with
respect to experimental values regardless of the MXene
composition. The average difference between IS and experi-
mental values is of �8 eV with Cr2CO2 and Nb2CO2 being he
lower and upper cases with differences of 5.9 and 9.1 eV,
respectively. These differences have a clear physical explanation
which is directly related to the fact that the calculated values do
not account for the relaxation energy in response to the pres-
ence of the core hole whereas the experimental values do
obviously include these effects. To further conrm that this is
the case, calculations have been carried out including the nal
state effects for both cores following the JSn approach. Our
previous statement is conrmed by analyzing the energetic
difference D(FS � IS) listed in Table 2 of �9 eV. Clearly, the
inclusion of nal state effects values gives much closer to the
experimental one as shown in the D(FS � experiment) column
in Table 2. For instance, for Ti2CO2 the IS difference between
C(1s) and O(1s) CLBEs of 241.7 eV, becomes 250.5 eV once nal
state effects are included. This is in good agreement with
experimental shi of 249.4 eV; the difference being due to the
approximate nature of the JSn approach. Yet, in relative terms,
the error with respect to experiment is reasonably small with the
exception of Cr2CO2 where further analysis may be necessary.
2798 | Nanoscale Adv., 2021, 3, 2793–2801
Besides, inclusion of nal state effects conrms that the
difference in the initial state shi with respect to experiment
arises from the different relaxation of the C and O atoms
induced by the presence of the core hole, a largely atomic
effect.32,33 Upon inclusion of approximate nal state effects, the
majority of calculated results are now much closer to experi-
ments, which further support the conclusion of the present
work. Yet, we must point out that the C(1s)–O(1s) shi for
Ti2CO2 and V2CO2 is signicant while available experimental
values are closer. Including nal state effects by means of the
JSn approach does not improve the agreement with experiment.
The fact that the agreement is quite good for the other cases
suggests that the cases of V2CO2 and Cr2CO2 need to be revised
in detail by both experiments, with regard to possible problems
in the sample such as surface coverage effects, and theory, with
a more accurate treatment of nal state effects and considering
coverage effects as well.

The preceding discussion reinforces the hypothesis that core
level shis are dominated by initial state effects also in MXenes.
This provides a useful tool to investigate the chemical bond in
these systems and support the trend observed for bare MXenes
relating DCLBEs values for the C(1s) level and net charge on the
C atom. To investigate whether this trend holds for the O-
terminated MXenes, Tables 3 and 4 report the initial state and
nal state DCLBEs values for the C(1s) and O(1s) levels, all
referred to the Fermi level of each system, relative to the C(1s) in
graphene, also referred to the graphene Fermi level, and the net
charge on the C and O atom, respectively. Unexpectedly, the
analysis of the values on these tables does not show any clear
correlation between other than a rough trend suggesting that
large DCLBEs values are accompanied by large values of the net
charge on the core ionized atom. The lack of a clearer correla-
tion indicates that, in the O-terminated MXenes, the charge is
not the dominant factor governing the DCLBEs and, conse-
quently, that DCLBEs do not provide quantitative information
about the charge state of the atoms in these materials. A
possible explanation for the lack of correlation with the atomic
net charge is that variations in interatomic distances also
contribute to the DCLBEs as recently noted.51 In fact, O-
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Table 3 Kohn–Sham orbital energy (31s), Fermi energy (3F), initial and
final state C(1s) CLBE (IS-CLBE and FS-CLBE respectively) relative to
the Fermi energy of each system (see eqn (2)) and net charge on the C
atom (QC) of full relaxedO-terminatedM2CO2MXenes. The number of
d electrons in the corresponding metal (dn) is also provided. The units
of energetic parameters (31s, 3F, and C(1s) CLBE) are in eV, whereas QC

units are jej

MXene dn 31s(IS) 31s(FS) 3F IS-CLBE FS-CLBE QC

Ti2CO2 d2 �265.7 �290.7 �1.0 264.7 289.7 �1.7
Zr2CO2 �265.2 �290.3 �1.1 264.1 289.2 �1.9
Hf2CO2 �264.7 �289.5 �0.9 263.8 288.6 �2.1
V2CO2 d3 �267.0 �292.2 �1.5 265.5 290.7 �1.6
Nb2CO2 �266.8 �291.9 �0.9 265.9 291.0 �1.8
Ta2CO2 �266.2 �291.6 �0.3 265.9 291.3 �2.1
Cr2CO2 d4 �267.1 �292.1 �1.5 265.6 290.6 �1.3
Mo2CO2 �267.3 �292.3 �1.2 266.1 291.1 �1.3
W2CO2 �266.3 �291.7 �0.8 265.5 290.9 �1.5

Fig. 3 Correlation between initial state DCLBEs C(1s) and O(1s) of
relaxed fcc-type O functionalized M2CO2 (M¼Hf, Zr, Ti, Ta, V, and Nb)
structures with the Bader charge in the O atom (QO). Solid black line
corresponds to the linear fitting.
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termination induces a signicant relaxation of the MXene
atomic structure.

To try to shed some light on the trends in DCLBEs for the
C(1s) in the M2CO2 MXenes, we analyze the correlation between
DCLBEs for the C(1s) and the net charge in C (QC) along the
groups and along the periods of the periodic table. For the
M2CO2 where M ¼ Ti, Zr, Hf, the correlation between DCLBEs
for C(1s) and QC is excellent with R2 ¼ 0.93 although it gets
slightly worse for M¼ V, Nb, Ta with R2¼ 0.81 but with a change
in the slope from positive to negative, which is not so clear to
understand because in one case larger DCLBEs imply larger QC

whereas in the other case larger DCLBEs imply smaller QC.
Finally, the trend between DCLBEs and QC becomes totally
meaningless for M ¼ Cr, Mo, W; the latter is not surprising if
one realizes that in the last triad there is a change in the
adsorption mode of O with respect to the two other triads and
also that Cr occupies a site which is different in the case of Mo
and W. Similarly, a clear trend is found between these two
magnitudes along the period although with signicantly
smaller R2 values which get considerably worse when going
Table 4 Kohn–Sham orbital energy (31s), Fermi energy (3F), initial state
and final state O(1s) CLBE (IS-CLBE and FS-CLBE respectively) relative
to the Fermi energy of each system (see eqn (2)) and net charge on the
O atom (QO) of O-terminated M2CO2 MXenes. The number of
d electrons in the corresponding metal (dn) is also provided. The units
of energetic parameters (31s, 3F, and O(1s) CLBE) are in eV, whereasQO

units are jej

MXene dn 31s(IS) 31s(FS) 3F IS-CLBE FS-CLBE QO

Ti2CO2 d2 �507.4 �541.3 �1.0 506.4 540.3 �1.2
Zr2CO2 �507.1 �541.2 �1.1 506.0 540.1 �1.2
Hf2CO2 �507.0 �538.6 �0.9 506.1 537.7 �1.3
V2CO2 d3 �508.0 �541.5 �1.5 506.5 540.0 �1.0
Nb2CO2 �507.6 �541.3 �0.9 506.7 540.4 �1.1
Ta2CO2 �507.4 �541.3 �0.3 507.1 541.0 �1.2
Cr2CO2 d4 �508.1 �541.6 �1.5 506.6 540.1 �0.9
Mo2CO2 �507.8 �541.2 �1.2 506.6 540.0 �1.0
W2CO2 �507.5 �541.4 �0.8 506.7 540.6 �1.0

© 2021 The Author(s). Published by the Royal Society of Chemistry
from the 3d to the 5d metals, a behavior which is also attributed
to the change of adsorption site for atomic O. Similar trends are
found when comparing DCLBEs for O(1s) and QO. Finally,
plotting the C(1s) and O(1s) initial state DCLBEs with respect to
the net charge of the O atom in the relaxed M2CO2 with fcc-type
structure (Fig. 3) results in a poorer correlation than that
depicted in Fig. 2. This indicates that C(1s) and O(1s) DCLBEs in
the M2CO2 structure are not governed solely by the charge but
include structural effects as well which has implications for the
interpretation of XPS data.
6. Conclusions

A computational study based on periodic density functional
theory calculations reveals that the trends in the C(1s) core level
binding energy shis in bare MXenes of M2C stoichiometry
with M ¼ Ti, Zr, Hf, V, Nb, Ta, Cr, Mo, and W are dominated by
initial state effects and are directly related to the net charge on
the C atom. Consequently, XPS measurements can be used to
extract information regarding the oxidations state of these
materials.

The good agreement between experimental and calculated
shis between C(1s) and O(1s) core level binding energies,
especially when nal state effects are included to account for
the difference in relaxation energy induced by the core holes,
provides further support to the use of initial state values to
investigate the trends in these quantities.

For the O-terminated MXenes, the correlation between core
level shi, either C(1s) or O(1s), and the net charge in the core
ionized atom, either C or O, is much less signicant than for the
bare MXenes which is attributed to structural changes induced
by the presence of O and to the fact that the O adsorption site
may vary. This is conrmed by the excellent correlation between
Nanoscale Adv., 2021, 3, 2793–2801 | 2799
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the C(1s) and O(1s) DCLBEs and the net charge of the O atom
along the Ti, Zr, Hf and V, Nb, Ta where the fcc-type O func-
tionalization dominates.

The fact that the correlations between C(1s) core level shis
and net charges in C of the O-terminatedMXenes are dependent
on the period or group of the periodic table, largely because of
changes in the oxygen adsorption site and concomitant struc-
tural changes, implies that conclusions about the chemical
bond extracted from XPS measurements need to the taken with
extreme care. Here, information provided from theoretical
approaches is required to extract physically meaningful
conclusions.

The present conclusions have been extracted for M2C
MXenes but, in the view of the unraveled physical mechanisms
and trends, it is anticipated that they will also hold for other
MXenes although the increase in the number of atomic layers
may result in some additional effects that need to be
investigated.
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39 L. Vega, J. Ruvireta, F. Viñes and F. Illas, J. Chem. Theory
Comput., 2018, 14, 395–403.

40 G. Kresse and J. Hafner, Phys. Rev. B: Condens. Matter Mater.
Phys., 1993, 47, 558–561.

41 G. Kresse and J. Furthmüller, Phys. Rev. B: Condens. Matter
Mater. Phys., 1996, 54, 11169–11186.

42 G. Kresse and J. Furthmüller, Comput. Mater. Sci., 1996, 6,
15–50.

43 G. Kresse and D. Joubert, Phys. Rev. B: Condens. Matter Mater.
Phys., 1999, 59, 1758–1775.

44 H. J. Monkhorst and J. D. Pack, Phys. Rev. B: Solid State, 1976,
13, 5188–5192.

45 R. F. W. Bader, Chem. Rev., 1991, 91, 893–928.
46 W. Tang, E. Sanville and G. Henkelman, J. Condens. Matter

Phys., 2009, 21, 084204.
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50 F. Viñes, C. Sousa and F. Illas, Phys. Chem. Chem. Phys., 2018,

20, 8403–8410.
51 P. S. Bagus, C. Sousa and F. Illas, Phys. Chem. Chem. Phys.,

2020, 22, 22617–22626.
52 T. Koopmans, Physica, 1934, 1, 104–113.
53 P. S. Bagus and F. Illas, Catal. Lett., 2020, 150, 2457–2463.
© 2021 The Author(s). Published by the Royal Society of Chemistry
54 N. Pueyo Bellafont, F. Illas and P. S. Bagus, Phys. Chem.
Chem. Phys., 2015, 17, 4015–4019.
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