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B INTRODUCTION

2D materials have received tremendous attention over the past
decade due to their interesting properties that are different
from those of their bulk counterparts, which render them
promising in a variety of applications from energy storage to
photonics." Typical 2D materials include graphene, transition
metal dichalcogenides (TMDCs), transition metal oxides,
halides and hydroxides, and hexagonal boron nitride.” Since
2011, a large family of 2D transition metal carbides and
nitrides, so-called MXenes, was added to the 2D world.?
MZXenes have a general formula of M, X, T,, where M is an
early transition metal such as Ti, V, Mo, and Nb, whereas X is
C and/or N and T, represents surface terminations such as
OH, O, and F. MXenes are usually produced from selective
etching of the A layer from MAX phases,” where A is a group
III to VI element, typically Al or Si.” Close to 30 MXenes have
been produced to date, making them one of the largest and
most rapidly growing families of 2D materials.’ Due to their
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metallic conductivity and versatile chemistry, they have shown
promise in many applications, such as energy storage,7
electromagnetic interference shielding,8 sensors,”'’ and photo-
thermal therapy.'' However, little is known about their
fundamental electronic properties, in particular the correlation
between surface termination and the MXene electronic
structure. Only a handful of experiments have been reported
in efforts to understand these properties, despite several
theoretical calculations.'”"® Density functional theory (DFT)
studies predicted a strong influence of the surface termination
type on MXenes' work function,"* metal-to-insulator tran-
sition,"* and electronic band occupation,16 all of which await
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Figure 1. Schematic illustration of the different adsorption sites of Ti;C, T, considered for the DFT calculations in this work. (a) Top view and side
views of (b) A (FCC) adsorption site (on top of Ti atom in the third atomic layer), (c) B (HCP) adsorption site (on top of C atom in the second
atomic layer), (d) top adsorption site (on top of a Ti atom in the first atomic layer), and (e) bridge adsorption site (between topmost Ti and C

atoms).

experimental confirmation. Reports on photoelectron spec-
troscopZ investigations of the electronic structure of Ti;C, are
scarce,'’ and only limited experimental data on the work
function of this material are available.'® In the present study,
we provide direct evidence of the effects of surface termination
on the work function and electronic band structure of Ti;C,T,,
one of the most widely studied MXenes, using a combination
of ultraviolet photoemission spectroscopy (UPS), X-ray
photoelectron spectroscopy (XPS), and inverse photoemission
spectroscopy (IPES). By comparing our experimental results to
DFT calculations, we determine the adsorption sites of the
different surface terminations. This work not only provides
direct experimental evidence of the effects of surface
terminations on MXenes’ electronic properties but also lays
the groundwork for using spectroscopic techniques to study
electronic properties of other MXenes. Understanding and,
ultimately, being able to control their electronic properties are
the key to the success in using MXenes in different
applications.

B METHODS

Sample Preparation. Ti;AIC, (Carbon-Ukraine) was etched in a
mixture of LiF and HCI following a protocol reported elsewhere.'
Briefly, 0.5 g of the MAX powder was added slowly to a premixed
solution of 0.8 g of LiF and 10 mL of 9 M HCI. The mixture was
stirred at room temperature (25 °C) for 24 h. Then, it was washed
repeatedly 4 to S times by adding 150 mL of DI water to the mixture
and centrifuged for S min, and the supernatant was then decanted.
When the pH of the solution was close to neutral, a dark supernatant
was observed indicating delamination of MXene flakes (d-Ti;C,T,).
The first dark supernatant was decanted, and 25 mL of DI water was
added to the sediment. The mixture was shaken vigorously for 15 min
to improve delamination yield. Finally, the mixture was centrifuged at
3500 rpm for 30 min to collect d-Ti;C,T, in the supernatant. MXene
thin films were prepared by spin-casting using a spin-coater (Laurell
Technologies, Model WS-650 Hz, USA). Approximately 0.5 mL of d-
Ti;C, T, solution with a concentration of 10 mg/mL was applied to a
plasma-treated quartz substrate and spun at 2000 rpm for 30 s. The
films were subsequently dried at 5000 rpm for 15 s, and the process
was repeated two times to obtain films with an appropriate thickness.

Photoelectron Spectroscopy and Inverse Photoelectron
Spectroscopy. Photoelectron spectroscopy measurements were
performed at Humboldt University of Berlin, using two combined
preparation and analysis chambers with base pressures of less than

1078 mbar. XPS spectra were recorded using the radiation of a Mg
source (1253.6 eV), and UPS spectra were recorded using the
radiation of a He discharge lamp (21.21 eV). The kinetic energy of
the emitted electrons was detected by a Specs Phoibos 100
hemispherical analyzer with a resolution of %150 meV and an angular
acceptance angle of +3° in the UPS measurements. During the
measurements of the secondary electron cutoff, a bias of —10 V was
applied between the sample and the analyzer. The XPS spectra were
fitted with CasaXPS, using a Shirley-background, asymmetric line
shape for peaks stemming from the MXene (due to the interaction of
the photoelectrons with delocalized electrons) and Voigt line shapes
for peaks stemming from contaminations. Inverse photoelectron
spectroscopy (IPES) measurements were performed in the
isochromat mode, using incident electron energies of 5—15 eV and
a NaCl-coated photocathode for detecting the emitted photons. The
resolution of the setup was determined to be 1.3 eV. The samples
were resistively heated in ultrahigh vacuum inside the XPS chamber
during the course of the experiment, and the spectra were measured at
room temperature.

Density Functional Theory. The Vienna Ab-Initio Simulation
Package (VASP)*® was used for all DFT calculations. Structural
relaxations were performed with the Perdew—Burke—Ernzerhof
(PBE)*' exchange-correlation functional and projector augmented
wave (PAW) pseudopotentials,”* with a 520 eV plane-wave basis
cutoff, a 10 X 10 X 1 I' centered k-point mesh, and forces on each
atom converged to within 1072 eV/A. We assumed nonspin-polarized
ground states, following previous predictions of nonmagnetic
functionalized Ti,C,T,.*>** To compute accurate band structures,
the Heyd-Scuseria-Ernzerhof (HSE06) hybrid functional was
used”>® Due to the significant computational cost of hybrid
functional calculations, a 7 X 7 X 1 I' centered k-point mesh was
used for the HSEO6 starting point, and work functions and other
electronic properties were calculated for supercells using the SCAN
meta-GGA functional after appropriately reducing the k-point mesh to
preserve the k-point density.””*® The core level binding energy shifts
are estimated from DFT in the initial state approximation. Because
the calculated absolute energies are not relevant for comparison with
the experiment, only relative energy shifts are reported. The density of
states (DOS) obtained from DFT were broadened with a Gaussian
function with a full width at half-maximum (FWHM) of 0.4 and 1.0
eV for comparison with UPS and IPES data, respectively.

Temperature-Programmed Desorption. Thermogravimetric
analysis and mass spectroscopy were performed using a Discovery
SDT 650 model connected to a Discovery mass spectrometer (TA
Instruments, DE). The MXene free-standing “paper” was made from
the same MXene solution used in thin film fabrication via a vacuum-
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Figure 2. XPS core level spectra (a) C 1s, (b) Ti 2p, (c) O 1s, and (d) F 1s of Ti;C,T,, obtained for a sample as-loaded (lower row), after
annealing at 470 °C (middle row), and after annealing at 750 °C (upper row). Hollow circles represent measured data points, and solid lines
represent curve fits. The estimated surface terminations are shown on the left.

assisted filtration method. The MXene paper with a mass of ~10 mg
was dried in a vacuum desiccator at least 24 h prior to the
measurement. Then it was packed in a 90 4L alumina pan and heated
to 1500 °C at a constant heating rate of 10 °C/min in He atmosphere
(100 mL/min). The furnace was purged with a 100 mL/min flow of
He gas for 1 h before the analysis to remove residual air.

Dynamic Light Scattering. Delaminated Ti;C,T, solution with a
concentration of around 0.01 mg/mL was analyzed using a Zetasizer
Nano ZS (Malvern Panalytical) in a polystyrene cuvette. The average
particle size was taken over a total of three measurements from each
sample.

Atomic Force Microscopy. Atomic force microscopy (AFM)
images were recorded with a Bruker AFM Multimode 8 in tapping
mode using a driving frequency of 300 kHz, driving amplitude of 80
mV, and scanning frequency between 0.6 and 0.9 Hz.

B RESULTS AND DISCUSSION

To identify the adsorption site of the different surface
terminations and the resulting impact on the electronic
structure, XPS, UPS, and IPES measurements of Ti;C,T,
annealed at different temperatures were compared together
with DFT calculations. Figure 1 shows the different adsorption
sites for surface terminations considered in this work. Figure la
illustrates a top view of the Ti;C, lattice, with the different
adsorption sites marked in red, while Figure 1b—e shows the
side view of the different adsorption sites. The A (FCC) site
shown in Figure 1b marks the surface termination adsorbed
directly above the Ti atoms in the third atomic layer (Ti2).
The B (HCP) site shown in Figure lc marks the surface
termination adsorbed directly above the carbon atoms in the
second atomic layer (C1). The top site shown in Figure 1d
marks the surface terminations adsorbed directly above the Ti
atoms in the first atomic layer (Til), and the bridge site shown
in Figure le marks the surface terminations adsorbed between
the topmost Ti and C atoms. These labels will be used
throughout this report.

The temperature dependent XPS measurements reveal clear
changes in the O 1s and C 1s core level spectra between room
temperature and 470 °C, accompanied by a sharpening of the
valence band as observed in UPS valence spectra. Above 500
°C, desorption of fluorine is observed, which goes hand in
hand with an intensity redistribution in the O 1s core level. An
overview of the XPS core level and UPS valence band
evolution for different annealing temperatures is shown in
Figure S1. Detailed XPS spectra of the C 1s, Ti 2p, O 1s, and F
Is core levels for three representative annealing temperatures
(as loaded, 470 °C, and 750 °C) are shown in Figure 2. The C
1s core level (Figure 2a) of the as-loaded Ti;C,T, consists of
four components. One from the Ti—C bonds of the MXene
(purple) at 281.9 eV, one from C—C contaminations (green)
at around 284.9 eV, and two stemming from C—O (blue) and
O—C=O0 (orange) contaminations at 286.2 and 288.9 eV,
respectively. With increasing annealing temperature, the
contaminations desorb. At 470 °C, the C—O and O—C=0
contaminations are completely removed, only C—C contam-
inations remain up to 750 °C, in agreement with previous
reports.””*" The Ti 2p peaks shown in Figure 2b consist of
three doublets (spin—orbit splitting). The doublet at 455.2 and
461.1 eV (purple) stems from Ti—C bonds of the MXene; the
doublet at 456.2 and 461.6 eV stems from Ti—O (blue), and
the doublet at 457.3 and 462.7 eV stems from Ti—F (red),
respectively. The absence of a peak at around 459 eV indicates
that no TiO, has formed during the sample preparation or the
annealing process.””*> No significant change in the Ti 2p
spectra is observed for all annealing temperatures. Figure 2¢
shows the O 1s spectra, where we observe that the spectra for
the as-loaded sample consists of at least five peaks, of which the
peaks at 529.8 eV (purple) and 531.6 €V (red) are assigned to
oxygen bound to titanium at different lattice sites. Calculation
of the relative binding energy shifts by DFT (Table S1)
suggests that the peak at 529.8 eV stems from oxygen on a
bridge site and the peak at 531.6 eV is due to either oxygen on
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the B site or oxygen on the A site in the presence of fluorine, as
suggested by Persson et al.”” However, considering the relative
formation energies for the different adsorption sites (Table
S2), only oxygen on the top adsorption site can be confidently
excluded. The blue peak at 532.5 eV is assigned to C—O
contaminations and the orange peak at 533.4 eV is assigned to
C=O0 contaminations, in agreement with the C 1s core level
signal. The light blue peak at 533.8 eV could be due to
adsorbed water or OH surface termination groups.” Similar to
the C 1s core level, the C—O and C=O0O contaminations as
well as the OH terminations are completely removed after
annealing at 470 °C. This is in good agreement with
observations from temperature-programmed desorption meas-
urements (Figure S2). After annealing at 750 °C, the O Is
peak becomes broader and can only be fitted adequately by
adding a third peak at 530.7 eV (dark yellow). The F 1s core
level shown in Figure 2d consists of one peak assigned to Ti—F
surface termination (purple) at 685.2 eV and a small peak at
687.1 eV, which can be assigned to F-containing contami-
nations from the etching of the MAX phase.”*** The fluorine
starts to desorb above 500 °C and is reduced by about 60—80
at. % at 750 °C, which is simultaneous with the emergence of
the new peak in the O 1s spectrum. Persson et al. assigned this
peak to oxygen on the A site in the absence of surrounding
fluorine,” in agreement with our calculated relative binding
energy shifts. From the survey spectra (Figure S3), it can be
observed that a very small amount of Cl (<2%), from the LiF +
HCI etchant, is present at all temperatures.

We now discuss the electronic structure of Ti,C,T, as
inferred from UPS. The valence band spectrum of as-loaded
Ti;C,T, (Figure S1) is dominated by carbon contaminations
and does not show many features. After desorption of the
contaminations, the valence band becomes sharper and shows
a distinct Fermi-edge, which is a clear indication for the
metallic character of the Ti;C,T,. Features around 2, 3.5, 6,
and 9 eV binding energy are also observed. The valence band
spectra, after background subtraction and normalization (see
Figure S4 for details), are shown in Figure 3a for two different
surface terminations (Ti;C,Fy30qs, solid lines; Ti;C,Fy,0s,
dashed lines). After annealing at 750 °C, a strong decrease of
the fluorine F 1s signal was observed in XPS (see Figure 2d),
which goes along with a decrease of the valence band peak at
around 9 eV as well as the peak close to the Fermi-level (set to
0 eV binding energy). Therefore, we assign these two features
to DOS associated with fluorine surface termination. A
comparison to the calculated total DOS of Ti;C,F, shown in
Figure 3b, as well as the single XPS peak in the F 1s core level
(Figure 2d), clearly identifies the fluorine to be solely adsorbed
on the A site. This is in agreement with findings by Persson et
al.”” However, a clear assignment of the oxygen adsorption site
cannot be made from a comparison between the measured
valence band and the calculated density of states of Ti;C,0,
shown in Figure 3c, as the total DOS for the A, B, and bridge
sites are very similar. Only the top adsorption site can be ruled
out, as the intensity around 6 eV, which stems from oxygen
termination, is not present in the total DOS for the top site.
This agrees with the high formation energy of this adsorption
site, as mentioned before. It should be mentioned at this point
that a direct comparison between measured UPS spectra and
calculated DOS from DFT must be interpreted with care, as
the Kohn—Sham approximation applied in DFT neglects many
body effects.
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Figure 3. (a) UPS valence band spectra of Ti;C,F,3Ops (solid lines)
and Ti3C,F(,0,5 (dashed lines) for different k; values and angle
integrated. Dispersion can be observed between 1 and 3 eV binding
energy. (b, c) The calculated total DOS for Ti;C,F, and TiyC,0,
terminations at different adsorption sites. Arrows indicate the
correlations between calculations and experimental data.

Figure 3a shows additional UPS spectra for different
photoelectron momentum values parallel to the sample surface
(ky, corresponding to different takeoff angles). There is an
obvious angular dependence in the features between 1.5 and 3
eV, which is an indication for band dispersion. Normally, the
observation of band dispersion is only expected for single
crystalline samples. However, there have been examples of
nonsingle crystalline graphite and transition metal dichalcoge-
nides (TMDCs), which showed dispersive bands in angle-
resolved photoemission measurements (ARPES).***” The
high symmetry of the crystal lattice and the particular
azimuthal photoemission-intensity dependence enable a
measurement of the dispersion, which is dominated by the
high-symmetry directions (I'—M and I'=K; for a more detailed
explanation, see Figure S5). A curvature plot, as obtained from
the measured ARPES data by following a procedure described
by Zhang et al,*® for a Ti;C,F3Og sample is shown in Figure
4a. Nondispersive bands are visible around 5.5 and 9 eV,
corresponding to oxygen and fluorine surface terminations,
respectively, as discussed earlier. Notably, rather dispersive
bands can be seen from about 1.5 eV binding energy to about
3 eV binding energy, when moving from ky = 0 A~ to k; = 1.2
A7, Selected bands from the calculated band structure of
Ti;C,F, with fluorine adsorbed at the A site as well as Ti;C,0,
with oxygen adsorbed at the bridge site are included in Figure
4a for comparison, and the complete band calculations are
presented in Figure 4b. The calculated bands for the Ti;C,F,
termination are in good agreement with the nondispersive
feature around 9 eV and with the dispersive feature around the
Fermi-level. The calculated bands for oxygen adsorbed at the
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Figure 4. (a) Measured ARPES curvature spectrum of Ti;C,F,3Og¢ (yellow-red), including a selected part of the calculated band structures of the
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site (blue) and for Ti;C,F, with F adsorbed only on the A site (green). The DFT calculations were done using the range-separated hybrid HSE06
functional and predicted more bands than are observed in the curvature plot of the experimental data.
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the SECOs in (a) as a function of annealing temperature. Work functions obtained from DFT for different surface terminations, calculated by using
the real surface stoichiometry obtained from XPS (blue) and obtained by averaging the work functions of purely terminated Ti;C,0,, Ti;C,F,,
Ti3C,0H,, and Ti;C, surfaces, weighted by the experimentally determined stoichiometry (red).

bridge site agree fairly well with the nondispersive feature at
around 5.5 eV and with the dispersive features between 1.5 and
3 eV. All other calculated band structures derived from
different adsorption sites of the surface terminations are shown
in Figure S6, showing less agreement with the measured
ARPES spectrum. However, the Ols XPS core level spectra
(Figure 2c) consist of at least two peaks after removal of
surface terminations, and a third peak emerges after desorption
of fluorine (dark yellow peak in Figure 2c). This new peak can
be related to oxygen at the A site in the absence of surrounding
fluorine. This is also in agreement with findings by Persson et
al”” Therefore, it is not surprising that the band structure

calculated using only a single termination site cannot capture
all the features observed in the ARPES measurements.

We also performed IPES measurements on the Ti;C,F, 30,
and the Ti;C,F;,0,5 samples to probe the unoccupied states,
complementing the XPS and UPS measurements of the
occupied states. The IPES spectra are shown in Figure S7,
together with the calculated total DOS. The IPES spectrum of
the Ti;C,F(3O0 g sample shows one peak at ca. 1.9 eV binding
energy, which decreases in intensity after fluorine desorption,
as clearly observed when plotting the difference between the
two spectra (gray). The comparison to the calculated DOS
shown in Figure S7b,c suggests that this peak is in accordance
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with F adsorbed on the A site, fully in line with the results
obtained from XPS and UPS.

Knowing the surface composition and the most probable
adsorption sites, we can now attend to the evolution of the
Ti;C,T, work function for different surface terminations, as the
exact composition and adsorption site influence the calculated
work function obtained from DFT. The work function of the
Ti;C,T,, as determined from the secondary electron cut-offs
(SECOs, shown in Figure Sa), is summarized in Figure Sb as a
function of annealing temperature (for exact composition at
each temperature, see Figure S8). The as-loaded Ti,C,T,
exhibits relatively low work function of ca. 3.9 eV, which
increases to 4.8 eV after annealing at 380 °C. One possible
explanation could be a desorption of residual contaminations,
like LiF or Al from the sample preparation process, or
atmospheric water, carbon, or carbon oxides, which are known
to decrease the work function of clean metals via the push-back
effect.*”* Another reason could be the desorption of OH
surface terminations, which are predicted to significantly
decrease the work function of Ti;C,.'"*' Due to the low
amount of OH groups as suggested by XPS results, the former
is more likely. The maximum work function of 4.8 eV is
significantly lower than the predicted work function of
Ti;C,0, (~6 eV) but significantly higher than the predicted
work function of bare Ti;C, (3.9 eV)."" With desorption of
fluorine at higher temperatures, the work function decreases
again and saturates at ca. 4.1 eV. Work function values
obtained from DFT calculations are also shown in Figure 5b.
The red dots show an averaged work function, obtained by
weighting the work function values of the homogeneously
terminated surfaces (Ti;C,0,, Ti;C,F,, Ti;C,0OH,, and Ti;C,)
with the fraction of the different terminations obtained by
evaluating the XPS core level peaks for the different annealing
temperatures (Figure S8). As can be seen, simply averaging the
work function of the purely terminated surfaces does not
sufficiently resemble the measured work function. A more
involved procedure to calculate the work function was
employed by constructing minimal supercells that accom-
modate the approximate surface stoichiometry measured by
XPS and randomly distributing these terminations (see Table
S3 for used surface terminations and supercell dimensions).
This method more reliably accounts for the actual change in
interlayer separation and local dipole distributions, resulting in
a more accurate calculation of the overall surface dipole and
work function. The results are shown in blue in Figure Sb. This
approach leads to a significant reduction of the work function
with reduced fluorine termination, in qualitative agreement
with observations from the experiment at higher annealing
temperatures. Deviations between the experiment and theory,
especially at low annealing temperatures, stem most likely from
contaminations, which cannot be included in the calculations.
Additionally, we only considered randomly distributed surface
terminations in our work function calculations, neglecting the
possibility of reorganization of surface terminations after
thermal annealing. This leaves a more detailed investigation
on the behavior of the surface terminations upon annealing as
a future study.

B CONCLUSIONS

Through comparison of XPS, angle-resolved UPS, and IPES
measurements of Ti;C,T, after different annealing temper-
atures with DFT calculations, we identified the adsorption sites
of the surface terminations. Fluorine occupies the face-

centered cubic adsorption site, and oxygen initially occupies
the bridge site and the hexagonal close-packed site, followed by
a rearrangement to the face-centered cubic site after fluorine
desorption at high annealing temperatures. Good agreement
was found between calculated band structures for these
adsorption sites and ARPES measurements, showing dis-
persion of more than 1 eV. Upon heating in vacuum, the
sample work function increases from 3.9 to 4.8 eV, most
probably due to desorption of water, carbon-dominated
contaminations, and OH species, and decreases again at
higher temperatures to 4.1 eV due to fluorine desorption. We
find that the measured work function cannot be obtained by
simply averaging the work function values of purely terminated
Ti;C,T, surfaces, but it can be better reproduced by modeling
the real surface mixed termination to account for local dipole
effects. Our findings represent a solid foundation for the
possibilities of determining the composition and electronic
properties of MXenes with photoemission spectroscopy and
will help to further explore and understand this new class of 2D
materials.
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