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ABSTRACT: MXenes are of much interest because of their electrochemical,
electronic, and surface chemical properties that arise from their structure and
stoichiometry. The integrity and the nature of the terminal groups on the basal
planes of MXene sheets depend strongly on the method used to etch the parent
MAX (M = transition metal, A = Al, X = C, N, B) compound. Aluminum
removal typically involves a high concentration of aqueous HF, HCl/LiF
mixtures, or fluoride solutions of strong acids. HF etching is problematic
because it leaves insoluble AlF3 in the product, degrades the crystallinity of the
nanosheets, and results in the termination of the basal planes with F, O, or OH
groups. Here, we demonstrate the use of HF at a low concentration in tandem
with a chelating agent, N,N′-dihydroxyoctanediamide (suberohydroxamic acid),
to selectively etch the archetypical MAX compound Ti3AlC2 at room
temperature. X-ray absorption spectroscopy (XAS) of the etched materials
shows that the carbide nature of bonding in the parent MAX structure is retained in the MXene layers. The stability of the MXene in
aqueous suspensions is also significantly improved relative to MXene products made by etching in concentrated HF solutions.

■ INTRODUCTION
Layered transition metal carbides, nitrides, and carbonitrides
are a unique class of 2D materials that are promising for
applications in battery electrodes,1−4 CO2 catalysis,

5,6 magnetic
shielding,7 and adsorption of heavy atoms.8 These layered
structures, known as MXenes, have a general formula
Mn+1XnTx (n = 1−4) and are comprised of an early transition
metal M, e.g., Sc, Ti, Zr, Hf, V, Nb, Ta, Cr, or Mo, and a main
group element X that is typically carbon and/or nitrogen. In
MXenes, TX denotes the surface terminating group on the
basal planes, which is usually a mixture of −F, �O, and/or
−OH.9−11 MXenes are derived from a parent MAX phase,
where the A layer (an element from groups 13 or 14) is
selectively removed by exposing the compound to the
appropriate etching conditions, and in the process, the layers
are expanded. The most widely studied MXene, Ti3C2Tx, was
first synthesized in 2011 by subjecting the MAX parent
compound Ti3AlC2 to a concentrated solution (50%) of
hydrofluoric acid (HF).12 Following that discovery, the library
of available MXenes has grown substantially as more
combinations of ordered/disordered (M2′M″C2Tx or
M2′M2″C3Tx) and solid solution MAX structures have been
discovered experimentally or predicted theoretically.13

In order to maximize the utility of MXenes, it is important to
navigate alternate chemistries that can selectively etch away the
A layer while maintaining a low concentration of defects in the
sheets and controlling the composition of the terminating
functional groups, which is directly related to the etching
method used.14−16 The literature on this process describes a

plethora of aqueous and nonaqueous etching methods. In
etching processes that occur at or near ambient temperature,
the use of different concentrations of HF (with 5% being the
lowest concentration previously reported)17 or in situ HF-
producing chemicals have emerged as the principal methods
for preparing MXenes.18 Experimental methods have been
developed that do not involve high concentrations of HF, but
these entail the combination of fluoride salts with a strong acid
(LiF/HCl, CoFx/HCl, or FeF3/HCl),15,19−21 the use of
bifluoride ammonium salts (NH4HF2),

22 Lewis acidic
molten-salts (ZnCl2, CuCl2, FeCl2, AgCl, NiCl2, CdCl2, or
CdBr2),

23−25 or hydrothermal etching in concentrated alkaline
solutions.26 These methods have had different degrees of
success in completely removing the A atoms and controlling
the termination of the layers. In general, they involve forcing
conditions (high temperature, high pressure, and/or corrosive
solvents) to carry out the reaction and in many cases result in
incomplete conversion of the parent MAX phase.27,28 MAX
structures with larger n in Mn+1AXn require considerably longer
etching times or stronger etchants to enable full conversion to
MXenes.29,30 Here, we re-examine the original HF etching
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conditions by considering a room temperature and low
concentration of HF in tandem with an aluminum chelating
agent and evaluate the changes in the crystallinity and
electronic structure of the products by using X-ray powder
diffraction and X-ray absorption spectroscopy. The chelating
agent used most successfully in this study is N,N′-
dihydroxyoctanediamide (suberohydroxamic acid). As a multi-
dentate hard Lewis base , this chelating agent has a high affinity
for Al ions.31 Because the resulting aluminum complexes are
soluble and stable in aqueous weak acid solution, the method
avoids the deposition of sparingly soluble AlF3 that is the
product of HF or fluoride salt/strong acid etching.

■ RESULTS AND DISCUSSION
Figure 1a shows X-ray powder diffraction (XRD) patterns of
the MAX precursor Ti3AlC2, a sample etched at a high
concentration (30% v/v, corresponding to a concentration of
17 M) of HF (labeled MXene-30), and samples etched at a low
concentration (3% v/v, or 1.7 M, labeled MXene-3) HF and at
low concentrations (3% v/v, or 1.7M) with the use of a
chelating agent (labeled MXene-S for samples with suberohy-
droxamic acid and MXene-E for samples with EDTA). This
more dilute etching solution still contains an excess of HF
relative to the amount of aluminum present (about 17.5 F/Al).
The X-ray powder diffraction (XRD) pattern of the MAX
precursor can be assigned to the p63̅mmc unit cell of
Ti3AlC2.

12 After Ti3AlC2 is reacted with HF for 12 h, the
intense diffraction peaks at 9.57,19.15, and 28.12°, correspond-
ing to the (002), (004), and (006) reflections, shift to lower 2θ
and become broader, indicating an increase in the interlayer
spacing and a concomitant loss in crystallinity.12 Additionally,
the disappearance of the reflection at 38.93, which corresponds
to the (104) reflection in the hexagonal structure of the MAX
phase, is lost with the complete removal of the “A” layer to
form Ti3C2Tx. The XRD pattern for MXene-3 (without a
chelating agent) shows persistent peaks for the precursor at
9.67 and 38.93° in addition to broadened peaks similar to
those of MXene-30. In comparison, the XRD patterns of
samples made by reacting MAX with 3% v/v HF in the
presence of a chelating agent after 36 h show sharp (002)
reflections. Table 1 in the Supporting information shows the
calculated values for the full width at half-maximum for the
(002) reflection, depicting a significant difference between the
MXene produced by reacting with HF and HF in the presence

of chelating agent. For MXene-S and MXene-E, the (002)
reflection is shifted from 9.57 in Ti3AlC2 to 7.25 2θ in stark
contrast to the shift observed in MXene-30 from 9.57 to 9.39.
The larger interlayer spacing of MXene-E and MXene-S (12.4
Å) is close to that found by the intercalation of ionic salts and
organic compounds into MXenes and could be related to the
intercalation of the chelating agents4,16,32,33 or to hydration of
the interlayer galleries since a peak with similar d-spacing is
found for MXene-3. A least-squares refinement of the XRD
patterns of MXene-E and MXene-S assigns the peaks at 7.26,
14.38, 21.48, and 28.82° to the (002), (004), (006), and (008)
reflections, respectively.34 Importantly, peaks corresponding to
the (102), (103), (104), (106), (107), and (108) reflections
can be easily distinguished at 34.37, 35.88, 37.19, 40.66, 42.83,
and 45.18°, respectively, indicating retention of three-dimen-
sional registry of the MXene sheets following the etching/
intercalation process. The a, b, and c parameters for the refined
hexagonal crystal structure of MXene-E and MXene-S were
3.03, 3.03, and 24.78 Å, respectively. The observations of sharp
diffraction lines at high 2θ angles, h0l reflections, and expanded
layer spacing indicate that low HF etching conditions preserve
the atomic ordering of the MXene sheets. It is important to
note that excessive amounts of the chelating agent inhibit the
etching reaction; for this reason, the amounts of chelating
agents used were carefully optimized.

In MXene-E, low-intensity unassigned reflections are related
to agglomerates of the chelating agent on the MXene crystals,
which can be seen in high-resolution scanning electron
microscopy (HR-SEM, Figure 1e). Notably, these insoluble
agglomerates are absent in the case of MXene-S. HR-SEM
images of Ti3AlC2 (Figure 1b), MXene-30 (Figure 1c),
MXene-3 (Figure 1d), MXene-E (Figure 1e), and MXene-S
(Figure 1f) show the distinctive structural features of these
materials. MXene-30 (Figure 1c) consists of accordion-like
structures that are characteristic of MXenes made by etching
Ti3AlC2 (Figure 1b). Figure 1c shows the presence of AlF3·
3H2O, which appears as bright nanoparticles in the image. The
electronically insulating nature of these particles is suggested
by their strong backscattering of electrons in the SEM image,
and their high Al content is corroborated by energy dispersive
spectroscopy (EDS) element mapping (Figure S1). Crystalline
AlF3·3H2O nanoparticles have been observed as an undesired
byproduct in HF or HF-producing synthetic methods
(anhydrous AlF3 solubility is 0.0053 g/L at 20

Figure 1. (a) X-ray diffraction patterns of Ti3AlC2 (black), MXene-30 (blue), MXene-3 (purple), MXene-E (red), and MXene-S (green). The use
of HF at low concentration in tandem with a chelating agent results in a large increase in interlayer spacing while maintaining crystallinity. High-
resolution scanning electron microscopy (HR-SEM) images of Ti3AlC2 (b), MXene-30 (c), MXene-3 (d), MXene-E (e), and MXene-S (f) showing
the evolution from MAX crystals to lamellar MXenes. The characteristic accordion structure of all three MXene samples suggests a similar etching
mechanism.
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°C).12,19,21,35,36 The inconsistent formation of AlF3·3H2O
particles has been shown to affect the distribution of interlayer
spacings of Ti3C2Tx.

21 This can be directly observed in Figure
1c, where AlF3·3H2O significantly changes the interlayer
distances in a localized area of the MXene while the rest of
the structure is unaffected. Postsynthetic processes, such as
repetitive filtration and centrifugation, can remove some of the
AlF3 deposited by chemical etching with concentrated HF.
Nevertheless, the persistence of AlF3 in SEM images indicates
that it is not completely removed. The mechanism of
formation for AlF3·3H2O was evaluated by Corbillon et al.,
who showed a direct correlation between the complexation
equilibria of AlF2+, AlF2

+, AlF3, AlF4
−, AlF5

2−, and AlF6
3− and

the ionic strength in the solution.37 Cockreham et al. also
studied the etching mechanism of MXenes with CoFx/HCl
and confirmed that the formation of AlF3·3H2O depends on
the ionic strength of the solution and the concentration of
fluoride ions, suggesting that there is a range of ionic strength
conditions that promote the formation of AlF3·3H2O.21,37 In
HR-SEM images of MXene-E and MXene-S (Figure 1e,f,
respectively), the accordion-like structure is also retained,
suggesting an etching mechanism similar to that in
concentrated HF. However, AlF3·3H2O particles are not
observed, consistent with the idea that Al is solubilized by
the chelating agent. The smaller particles observed in Figure
1d,1e are the agglomerates of chelating agents on the MXene
crystals that are also detected in the XRD pattern (Figure 1a).

The etching reaction that produces MXenes is slow, and
with the chelating agents used here, at a low concentration of
HF and ambient temperature, it requires 36 h to go to
completion.17,18 Figure S2 compares the XRD patterns of
MXene-S and MXene-E under the same reaction conditions at
a 12 h reaction time, where residual reflections of Ti3AlC2
show that the reaction is incomplete. As with other wet etching
processes, etching of MAX phases is concentration-depend-
ent,1,38,39 where the rate increases with increasing concen-
tration of etchant.17 Density functional theory (DFT)
calculations and ab initio molecular dynamics (AIMD)
simulations performed by Srivastava et al. suggest that the
intercalation of HF into the MAX structure and subsequent
etching of the A layer requires a minimum of 7 HF molecules
to extract one AlF3.

40 In their proposed mechanism, protons

and fluoride ions initially coordinate the Ti atoms at the edges
of the crystal, weakening the Ti−Al bonds and facilitating the
opening of the layers to further etch the Al layer. AIMD
simulations indicated that at low concentrations of HF,
fluoride ions bind to Al without forming AlF3, suggesting
that the etching process could be very slow under those
conditions.12,17,41 Our observations of a long etching time are
consistent with their predictions. The chelating agent may
serve to sequester Al species that are produced in the etching
process but may not directly participate in the removal of Al
from the edges of the MAX crystals.

Additionally, the passivating terminal groups may differ from
those formed by the concentrated HF etching routes. It is
important to note that the concentration and chemical nature
of the etchant, which is correlated with the rate of etching,
directly determine the stoichiometry and chemical nature of
the terminal groups on MXene layers and the formation of
defects.42−45 For example, NMR studies of MXenes etched
with concentrated HF vs LiF/HCl show differences in the
stoichiometry of oxygen-terminated Ti in comparison to
fluorine-terminated Ti.44 X-ray photoemission spectroscopy
(XPS) of Ti3C2Tx samples etched in 50% hydrofluoric acid
showed that the surface terminations consisted of a mixture of
Ti−O, −F, and −OH (with adsorbed H2O), with the
predominant terminal group being −F for fresh MXene
samples.45 The authors additionally observed that as the
sample ages in the air, the −F terminal groups are easily
oxidized to oxyfluoride species, and the concentration of
oxygen terminal groups increases considerably. For this reason,
and to better understand the effects of the chelation etching
method on the terminal groups of the MXene products, we
employed X-ray absorption near-edge spectroscopy (XANES)
to study the changes in the electronic structure of the material.
As an element- and orbital-specific probe of unoccupied states,
XANES is a valuable probe of the electronic structure and
chemical bonding in extended solids.46−48 We are especially
interested in changes in the electronic structure of the Ti
atoms since they relate directly to the chemical nature of the
coordinated species. Moreover, for Ti3AlC2, the Ti3C2Tx
transformation has been shown to greatly affect the shape
and energy of the Ti L-edge spectral signature. These changes
are diagnostic of the changes in the terminating elements

Figure 2. Ti L-edge X-ray absorption near-edge spectroscopy (XANES) for a series of benchmark Ti samples (a) that include TiO2, Ti2O3,
Ti3AlC2, and TiC, and for the MXenes synthesized by different etching methods (b). MXene-30 spectral features closely resemble those of TiO2. In
contrast, the MXene-E and MXene-S spectra resemble those of TiC and Ti3AlC2, suggesting that the rate of oxidation of the MXene layers using a
low concentration of HF is slower than that at a high concentration.
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bound to Ti atoms on the basal planes of the MXene sheets,
whereas the subsurface Ti atoms remain unchanged.49 The Ti
K-edge fingerprint (Figure S3) of the etched samples is
characterized by a pre-edge peak at around 4.971 keV
(transition of a 1s electron to the hybridized t2g Ti 3d + C
2p and eg Ti 3d + C 2p) and a main peak at around 4.985 keV
(transition of a 1s electron to Ti 4p). While no major
differences are apparent in the main peak, a loss in intensity
can be observed in the pre-edge peak that is relatively
independent of the etching method.50

The Ti L-edge XAS spectrum (Figure 2) is characterized by
the Ti L3 (approximately between 455 and 461 eV) and Ti L2
(approximately between 462 and 465 eV) features that
correspond to dipole allowed (Δl = ±1) transitions of Ti
2p63d0 → 2p53d1 electrons with spin 2p3/2 and 2p1/2,
respectively. These features are split due to spin−orbital
coupling of the Ti 2p atomic orbitals by approximately 4
eV.51−54 The L3 and L2 transitions can be further split into
doublet features due to symmetry considerations in the crystal
field and the covalent or ionic interactions between the ligand
and the transition metal center. For Ti (IV) oxides, these
doublets are often described (for Oh or distorted Oh
symmetry) as t2g and eg manifolds.46,48,51 Moreover, L-edge
spectra are dominated by coupling of the 3d electrons with the
2p core-hole, i.e., the multiplet effect, and this phenomenon
plays an important role in the broadening, spectral shape, and
the L3 to L2 ratio of the spectral signature.46,48,51,52,54,55 Figure
2a compares the Ti L-edge XANES spectra of TiO2, Ti2O3,
TiC, and Ti3AlC2. Here, we can discern clear differences in the
electronic structure signature between titanium oxides and
carbides. First, in TiO2 and Ti2O3, the observed pre-edge
features (456.6 and 457.3 eV) correspond to forbidden
transitions within the dipole selection rule, which become
allowed due to 2p-3d orbital mixing and, similarly to the Ti K-
edge, are influenced by the geometry of the Ti polyhedron and
the chemical nature of the ligand.54,56 These pre-edge features
cannot be easily distinguished in TiC and Ti3AlC2 samples
because of broadening of the L3 in carbide structures, which is
attributed to the local crystal symmetry (rock-salt structure in
TiC) and the orbital mixing between Ti and C atoms.53

Unfortunately, an Auger decay process renders the Ti L2
feature less informative due to an associated increase in
spectral broadening.52,53 Figure 2b compares the Ti L-edge
XANES features of the MXene-30, MXene-S, and MXene-E
samples. MXene-30 has an XAS signature that is virtually
identical to that of TiO2, confirming that the aqueous etching
reaction using a high concentration of HF creates an oxidizing
environment, and even with postsynthetic treatment of the
product, oxidation of the basal planes affects the electronic
structure of the material.43 The Ti L-edge XANES signatures
of MXene-S and MXene-E are quite similar to those of TiC
and Ti3AlC2, indicating that the carbide-like bonding in the
material is retained under milder etching conditions.
Interestingly, the use of LiF/HCl significantly alters the
electronic structure of Ti3C2Tx relative to Ti3AlC2 in the Ti L-
edge, but that spectrum does not show evidence of initial TiO2
formation as the concentrated HF sample did in this study.49

The XANES spectra thus are consistent with the XRD
patterns, which suggested significant damage to the MXene
sheets with etching in concentrated HF, forming a predom-
inantly oxide terminating layer. In contrast, etching at a low
concentration of HF in tandem with a chelating agent yields a
MXene product in which the Ti atoms retain a predominantly
carbide-like bonding environment. High-resolution X-ray
photoelectron spectroscopy (XPS) of the Ti 2p, O 1s, C 1s,
and Al 2p regions in Figure S4 provides some information
about the relative amounts and chemical environments of
elements at the outer (1−2 nm sampling depth) surface of the
MXene samples.45 Unfortunately, the spectra for MXene-E
were affected by charging issues (likely related to the presence
of the chelating agent), but the rough features of its spectra are
similar to those of MXene-S. The Ti 2p and the C 1s regions
show the presence of Ti oxycarbides and carbides in MXene-30
and MXene-S. In the XPS spectra (Figure S4d), both MXene-
30 and MXene-S show a significant lowering of the Al 2p peak
intensity compared to the MAX sample, indicating nearly
complete removal of Al in these samples. In contrast, MXene-E
shows a significant Al peak, likely resulting from the
incomplete deposition of agglomerated chelating agents, as
seen in Figure 1e. All of the etched samples show a binding

Figure 3. Photographs of MXene-30, MXene-E, and MXene-S samples in contact with air-saturated water for 0−28 days.
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energy shift in the Al 2p peak, consistent with the removal of
Al from the MAX phase and the formation of an Al3+ product.
These observations are also supported by O K-edge (Figure
S5) areas of high oxidation for MXene-30, whereas spectra of
MXene-E and MXene-S resemble those of the TiC standard.
Furthermore, Raman spectroscopy (Figure S6) measured at
three different spots for the same sample demonstrates areas of
high MXene characteristic and the presence of oxidation to
TiO2 in all three samples, but with MXene-30 being the most
affected.

The relative stabilities of MXene samples prepared by
different etching methods were also qualitatively compared.
Approximately 0.100 g of each MXene powder was dispersed
in a separate container of deionized water (d-H2O), and the
resulting air-saturated colloidal mixture was allowed to stand at
room temperature under ambient conditions. Figure 3 shows
photographs of these samples taken 0, 7, 11, and 28 days after
dispersion of the MXene samples in water. No clear differences
are observed between days 0 and 7, consistent with the
observations of Zhang et al., who found that Ti3C2Tx degraded
after approximately 7 days.43 On day 11, gray particles begin to
appear in the solution above the MXene-30 solid; in contrast,
dispersions of MXene-E and MXene-S retain the dark color of
the MXene. During this transition period, the largest particles
of MXene-30 settled to the bottom of the vial, and the colloids
suspended in the solution above them appeared to be
completely oxidized. This is similar to the trends observed
by Zhang et al., where the rate of degradation depended on the
size of the particles and where more than 85% of the sample
was degraded after 10 days.43 Interestingly, samples of MXene-
E and MXene-S also consisted of larger particles and colloids
suspended in solution, but the latter appeared stable. The
oxidation of MXenes nucleates at the edges and propagates
through the layers; this nucleation and growth is dependent on
the amount of oxygen present in solution.43 This is the reason
why several approaches to inhibit the degradation of MXenes
have relied on adding Ar to the colloidal solution or on
suspending the solid in an organic solvent.43,57 After 28 days,
all three samples showed gray or a mixture of gray and black
colloids that are characteristic of oxidation to TiO2. Figure S7
shows the XRD patterns for MXene-30, MXene-E, and
MXene-S samples dispersed in deionized H2O at 28 days.
For all of the samples, the XRD patterns are characterized by
reflections that can be assigned to anatase or rutile TiO2;
interestingly, none of the XRD patterns retained any reflections
of Ti3C2Tx. For MXene-30 and MXene-S, the XRD patterns
show the formation of both anatase and rutile TiO2. In
contrast, the XRD pattern for MXene-E shows no crystalline
phase, suggesting that the product is amorphous TiO2. The
metastability of Ti3C2Tx is a well-known shortcoming of this
material and remains a subject of research.20,42,43,58 While it is
clear that the milder etching method does not prevent the
eventual oxidation and hydrolysis of MXenes to TiO2, it does
show increased resistance to degradation relative to materials
made by etching in concentrated HF.

■ CONCLUSIONS
In summary, we have presented an alternative route to an
archetypical MXene with the use of low concentrations of HF
in conjunction with aluminum chelating agents. MXenes have
in a short time become uniquely functional materials for
electronic, energy, and catalytic applications. The chelation
method may serve as a useful synthetic tool for producing

carbide-like MXenes from other M, A, and X elements in order
to explore their properties and applications.

■ MATERIALS AND METHODS
Synthesis of MXenes. The MXene-30 samples were

prepared as described in the literature.12,17 Approximately
0.0025 mol of Ti3AlC2 MAX powder (purchased from Carbon-
Ukraine, Y-Carbon, Ltd.) was carefully mixed with an aqueous
solution of hydrofluoric acid (caution: concentrated HF is
extremely hazardous). All experiments were carried out in
polystyrene test tubes. HF (45% v/v in water) was purchased
from Fisher Scientific, diluted to 30% v/v concentration in a
total volume of 30 mL, and reacted with the MAX sample at
room temperature for 12 h. The resulting powder was washed
with copious amounts of deionized water by vacuum filtration,
which was followed by resuspension water and centrifugation
at 9000 rpm for 25 min until the measured pH was close to
neutral. The powder was then dried in a vacuum oven
overnight. The MXene-E and MXene-S samples were prepared
by carefully mixing approximately 0.0025 mol of Ti3AlC2 MAX
solid with an aqueous solution of 3% v/v HF (36 h) and 3% v/
v HF with ethylenediaminetetraacetic acid (EDTA) tetraso-
dium salt, dihydrate (Acros Organics, 99%, CAS: 10378-23-1),
or suberohydroxamic acid (Sigma-Aldrich, 95%, CAS: 38937-
66-5), respectively, at room temperature for 12 or 36 h in a
total volume of 30 mL. The chelating agent was added prior to
the addition of HF. The molar amounts of chelating agent
were 0.0012 mol of ethylenediaminetetraacetic acid tetraso-
dium salt, dihydrate in MXene-E, and 0.00020 mol of
suberohydroxamic acid in MXene-S. These amounts were
optimized by varying the amounts of chelating agents. The
resulting powders were similarly washed with copious amounts
of deionized water by vacuum filtration followed by
resuspension and centrifugation in water at 9000 rpm for 25
min until the measured pH was close to neutral. A 0.01 M
NaOH solution was used to remove the unreacted chelating
agent. The powder was then dried in a vacuum oven overnight.
Characterization Methods. X-ray diffraction patterns

were acquired by using a Rigaku SmartLab SE with an
automated multipurpose X-ray diffractometer, a D/tex Ultra
250 detector, and a copper X-ray source (1.5406 Å), using a
step size of 0.01, acquisition speed of 3.0/min, and an incident
slit of 1/2 mm. Full width at half-maximum (fwhm) values
were calculated using a single peak fit gauss function as
implemented in OriginPro 2023 software. A Zeiss Supra 50VP
SEM was used to obtain high-magnification images of the
treated powders at an accelerating voltage of 5 kV and in the
secondary electron mode of detection; EDS maps were
acquired at an operating voltage of 15 kV. A ND-MDT
confocal Raman spectrometer, with a 532 nm excitation
wavelength laser, 3 mW power, objective 100×, exposure time
of 30 s, and a Peltier-cooled Andor CCD detector, was used for
Raman measurements. Before Raman measurements, the
samples were pressed into a pellet for acquisition. Ti L-edge
and O K-edge X-ray absorption spectroscopy were conducted
at beamline 29-ID IEX of the Advanced Photon Source,
Argonne National Laboratory. Data were collected at a
pressure lower than 1 × 10−8 Torr in total electron yield
(TEY) using a microchannel plate from 450 to 480 eV (Ti L-
edge) and 520 to 580 eV (O K-edge). We used circular
polarization with an overall energy resolution better than 500
meV. Calibration of the samples was carried out by using TiO2
as a reference. The TEY was pre- and postedge normalized by
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using the incident X-ray intensity (I0) using the drain current
from a gold mesh upstream of the sample as implemented by
the Athena suite. Ti K-edge X-ray absorption spectroscopy was
taken at the 5-BM-D in transmission mode, Si(111) detector,
0.2 eV step size. The measurements were calibrated and pre-
and postedge normalized by using Ti metal as a reference and
as applied by the Athena suite. XPS experiments were
performed using a Physical Electronics VersaProbe II instru-
ment equipped with a monochromatic Al kα X-ray source (hν
= 1486.7 eV) and a concentric hemispherical analyzer. Charge
neutralization was performed using both low-energy electrons
(<5 eV) and argon ions. The binding energy axis was
calibrated using sputter-cleaned Cu (Cu 2p3/2 = 932.62 eV,
Cu 3p3/2 = 75.1 eV) and Au foils (Au 4f7/2 = 83.96 eV). Peaks
were charge referenced to the CHx band in the carbon 1s
spectra at 284.8 eV. Measurements were made at a takeoff
angle of 45° with respect to the sample surface plane. This
resulted in a typical sampling depth of 3−6 nm (95% of the
signal originated from this depth or shallower). Quantification
was done using instrumental relative sensitivity factors (RSFs)
that account for the X-ray cross section and inelastic mean free
path of the electrons.
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