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1.  Introduction

The large family of 2D materials known as MXenes  
[1–4] has attracted intense interest due to their 
suitability for solution processing, hydrophilic 
surfaces, metallic conduction, and versatility in 
hosting a range of intercalant ions and molecules 
leading to excellent performance in applications 
including electrodes for supercapacitors and batteries 

[5–9], electromagnetic interference shielding [10–14], 
and flexible antennas [15, 16]. The general chemical 
formula for MXenes is Mn+1XnTx, where M is an 
early transition metal, X is carbon or nitrogen, and Tx 
represents surface species such as  =O, –OH, and –F. 
MXenes can consist of multiple elements on the M-site, 
either as random alloys or in ordered arrangements 
[17–19]. Synthesis of solid solution MXenes such as 
(Ti0.5,Nb0.5)2C and (V0.5,Cr0.5)2C with randomly-
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Abstract
MXenes are a rapidly-expanding family of 2D transition metal carbides and nitrides that have 
attracted attention due to their excellent performance in applications ranging from energy storage 
to electromagnetic interference shielding. Numerous other electronic and magnetic properties 
have been computationally predicted, but not yet realized due to the experimental difficulty in 
obtaining uniform surface terminations (Tx), necessitating new design approaches for MXenes 
that are independent of surface terminations. In this study, we distinguished the contributions of 
surface and sub-surface Ti atoms to the electronic structure of four Ti-containing MXenes (Ti2CTx, 
Ti3C2Tx, Cr2TiC2Tx, and Mo2TiC2Tx) using soft x-ray absorption spectroscopy. For MXenes with no 
Ti atoms on the surface transition metal layers, such as Mo2TiC2Tx and Cr2TiC2Tx, our results show 
minimal changes in the spectral features between the parent MAX phase and its MXene. In contrast, 
for MXenes with surface Ti atoms, here Ti3C2Tx and Ti2CTx, the Ti L-edge spectra are significantly 
modified compared to their parent MAX phase compounds. First principles calculations provide 
similar trends in the partial density of states derived from surface and sub-surface Ti atoms, 
corroborating the spectroscopic measurements. These results reveal that electronic states derived 
from sub-surface M-site layers are largely unperturbed by the surface terminations, indicating 
a relatively short length scale over which the Tx terminations alter the nominal electron count 
associated with Ti atoms and suggesting that desired band features should be hosted by sub-surface 
M-sites that are electronically more robust than their surface M-site counterparts.
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mixed transition metals on the M-site was reported in 
2012 [20]. More recently, ordered double-M MXenes 
(M′

2M′′C2Tx or M′
2M′′

2 C3Tx) were realized following 
the discovery of ordered Cr2TiAlC2 MAX phase, in 
which the Cr and Ti atoms occupy separate planes 
along the c-axis [21]. The expansion of MXenes into 
ordered double-M chemistries not only broadens 
the array of compositions that can be accessed but 
also provides two distinct M-sites—surface and sub-
surface positions—that may contribute differently to 
the functional properties.

The electronic properties of MXenes have been 
explored mainly through temperature-dependent 
resistivity measurements, spectroscopic methods, and 
density functional theory (DFT) calculations [1, 2, 4, 17, 
22–29]. Much of this work has highlighted the effects of 
surface terminations and intercalation on the macro-
scopic electronic behavior. Depending on processing 
conditions and post-synthesis annealing procedures, 
the ensemble resistivity (ρ) of the same nominal MXene 
compound film (stack of several 2D MXene flakes) can 
vary by orders of magnitude and dρ/dT can be either 
positive or negative. For example, transport measure-
ments are often dominated by interflake hopping that 
is sensitive to interlayer spacing, intercalated molecules, 
and surface-bound terminations as a result of the pro-
cessing to convert MAX phases to MXenes [27, 30–32]. 
Moreover, instead of providing detailed unoccupied 
state information, resistivity only provides a narrow 
view of overall electronic structure near the Fermi 
level. Electron-based spectroscopies reveal that the 
electronic band structure of Ti3C2Tx is modified dur-
ing annealing in vacuum due to desorption of surface  
species. DFT has been used to predict many proper-
ties of MXenes including magnetic ordering, semi-
conductor band gaps, and the presence of topological 
band features in MXenes [18, 33–49]. However, these 
predictions strongly depend on the specific Tx termi-
nations used in the calculations, which due to practical 
limitations of DFT, such as the supercell size, are com-
monly performed with uniform surface terminations. 
However, MXenes are known to host complex, spatially 
inhomogeneous, and synthesis-dependent surface 
chemistries [50, 51].

While this previous body of work has demon-
strated that surface Tx terminations alter the electronic 
properties of MXenes, the extent to which these termi-
nations modify the electronic behavior of all M-site-
derived bands or just the surface-most M-site atoms 
is currently unknown. Clearly, a detailed and layer-
resolved understanding of the impact of Tx termina-
tions is critically important for interpreting how and 
why the experimental properties of MXenes deviate 
from computational predictions. However, this issue 
has not yet been experimentally explored, largely 
owing to the difficulty in separating electronic con-
tributions arising from distinct M-site layers within 
MXenes. For instance, resistivity experiments only 
provide information on the ensemble behaviour of 

all layers, with intrinsic electronic behavior often 
obscured by interflake hopping processes. However, 
newly realized ordered double-M MXenes provide a 
unique opportunity to tailor the location of Ti within 
the material, from solely occupying the surface layers 
in Ti2CTx to residing in the sub-surface layers in Mo2T-
iC2Tx, thus allowing for the interactions of the Tx ter-
minations with Ti layers to be systematically tuned. By 
applying an elementally-resolved probe of electronic 
structure to a systematically-selected set of Ti-contain-
ing MXenes, we provide a direct measure of the differ-
ing electronic contributions of surface and sub-surface 
Ti atoms in MXenes.

In this study, we take advantage of the elemental 
specificity offered by x-ray absorption spectroscopy 
(XAS) to measure the unoccupied electronic states 
derived from Ti atoms in Ti2CTx, Ti3C2Tx, Mo2TiC2Tx, 
and Cr2TiC2Tx MXenes in comparison with their cor-
responding Al-containing MAX phases. We show that 
in Ti2CTx, which has all Ti atoms located on its surface, 
the Ti L2,3-edge spectra exhibit significant changes 
upon conversion from Ti2AlC MAX to the Ti2CTx 
MXene. In contrast, MXenes with only sub-surface 
Ti atoms (Mo2TiC2Tx and Cr2TiC2Tx) exhibit mini-
mal spectral changes following transformation from 
their parent MAX phases (Mo2TiAlC2 and Cr2TiAlC2, 
respectively), which we attribute to decreased interac-
tion strength between surface terminations and the 
sub-surface transition metal. Additionally, we show 
the robustness of the sub-surface M-site contribu-
tions to the electronic structure through DFT calcula-
tions that reveal the Tx influence on Ti-derived bands 
is significantly decreased in Mo2TiC2Tx (no surface Ti 
atoms) compared to Ti2CTx and Ti3C2Tx (with sur-
face Ti atoms). This work points to the importance 
of deriving desired electronic and magnetic function 
from sub-surface M-site layers, laying out an impor-
tant design principle in the ongoing search for robust 
magnetic or topological behavior in MXenes.

2.  Methods

2.1.  Sample preparation
Ti2AlC MAX phase was synthesized following a 
protocol reported previously [20]. Ti2CTx was 
produced by etching 2 g of the MAX powder in a 
mixture of LiF (3g, Alfa Aesar) and 9 M HCl (20 ml, 
Fisher) at 35 °C for 15 h. The mixture was washed 
with DI water in two 175 ml tubes and centrifuged at 
3500 rpm for 5 min. The washing process was repeated 
3–4 times until a dark supernatant was obtained. The 
dark supernatant was decanted and the sediment was 
transferred to a 50 ml tube and hand-shaken vigorously 
for 10 min. Finally, the mixture was centrifuged at 
3500 rpm for 1 h and the supernatant was filtered over 
a porous membrane (3501 Coated PP, Celgard, USA). 
A free-standing film of Ti2CTx was removed from the 
membrane right after all the solution passed through 
the membrane. The film was further dried in a vacuum 
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desiccator and stored in an Ar-filled glovebox to avoid 
long exposure of the film to ambient air and resultant 
oxidation.

To synthesize Ti3C2Tx, 2 g of Ti3AlC2 (Materials 
Research Center, Ukraine) was etched in a premixed 
solution LiF (3g, Alfa Aesar) and 9  M HCl (20 ml, 
Fisher) at 35 °C for 24 h. The washing protocol was 
similar to that of Ti2CTx. The final supernatant was fil-
tered over a porous membrane (3501 Coated PP, Cel-
gard, USA). The film was dried on the filtration setup 
overnight and further dried in a vacuum desiccator.

Mo2TiAlC2 MAX phase was synthesized follow-
ing a protocol reported elsewhere [17]. Mo, Ti, Al and 
graphite powders (all from Alfa Aesar, Ward Hill, MA) 
with a molar ratio of 2:1:1.1:2 were ball-milled for 18 h 
using zirconia balls in plastic jars. The powder mix-
tures were heated in covered alumina crucibles at 5 °C 
min−1 to 1600 °C and held for 4 h under argon. After 
cooling, the porous compacts were milled and sieved 
through a 400 mesh sieve, producing powders with a 
particle size  <38 µm. To synthesize Mo2TiC2Tx, 2 g 
of the MAX powder was added to 40 ml of 48%–51% 
aqueous HF solution and stirred at 50 °C for 48 h. The 
mixture was washed with DI water in two 175 ml tubes 
for at least 5 times or until the pH of the supernatant 
was higher than 5. Then the powder was collected over 
a PVDF membrane (5 µm, Millipore). To delaminate 
Mo2TiC2Tx powder, 1 g of the powder was stirred in 
10 ml of tetrabutylammonium hydroxide (TBAOH) 
aqueous solution (48 wt%, Sigma Aldrich) for 12 h. 
The mixture was washed with DI water and centri-
fuged at 3500 rpm for 15 min. The washing process was 
repeated 3 times. After a pH of 7–8 was reached, the 
supernatant was decanted and the sediment was dis-
persed in 30 ml of DI water and bath-sonicated (2510, 
Branson) at 40 kHz for 30 min in a water-ice sonication 
bath under argon bubbling. The final solution was cen-
trifuged at 3500 rpm for 30 min and the supernatant 
was filtered the same way as Ti2CTx.

Cr2TiAlC2 MAX phase was synthesized in our 
laboratory. To synthesize Cr2TiC2Tx, 2 g of the MAX 
powder was added to a pre-mixed etchant containing 
50% HF, 12 M HCl, and DI water with a ratio of 2:3:5. 
The mixture was stirred at 35 °C for 42 h and washed in 
a similar way to Mo2TiC2Tx.To delaminate Cr2TiC2Tx, 
2 g of the etched mixture was stirred in 20 ml of 
TBAOH (25% in water, Aldrich). The mixture was 
washed with DI water and centrifuged at 3500 rpm for 
15 min. The washing process was repeated 3–4 times. 
After a pH of 7–8 was reached, the supernatant was 
decanted and the sediment was dispersed in 25 ml of 
DI water and probe-sonicated (Fisher Scientific model 
505 Sonic Dismembrator) for 30 min in a water-ice 
sonication bath under argon bubbling.

The phase purity and compositions of all MXenes 
was verified by x-ray diffraction (XRD) and x-ray pho-
toelectron spectroscopy (XPS) as shown in figures S1 
and S2 (stacks.iop.org/TDM/7/025015/mmedia) in 
the supporting information. XRD results show the 

0 0 2 peaks of MXene phases are at lower 2θ position 
relative to their corresponding MAX phases, which 
indicates an expansion of the the c-axis parameter. The 
Al 2p  region in the photoemission spectra obtained 
from each MXene suggest the Al atoms in the MAX 
phases are fully etched away, except that there is a neg-
ligible amount of Al left in the Cr2TiC2Tx MXene after 
etching.

2.2.  XAS measurement
L2,3-edge XAS measurements were performed at 
National Synchrotron Light Source II (NSLS-II) 
beamline 23-ID-2 (IOS) and the Advanced Light 
Source (ALS) beamline 4.0.2. The Ti L-edge was 
measured between 450 eV to 480 eV with an energy 
step size of 0.05 eV. The spectra used in this study 
were collected in total electron yield mode. All XAS 
measurements were performed at room temperature 
and under ultra-high vacuum.

2.3.  DFT Calculations
DFT calculations were performed using the Vienna ab 
initio simulation package (VASP) [52]. The Perdew–
Burke–Ernzerhof (PBE) [53] exchange-correlation 
functional and projector augmented wave (PAW) 
pseudopotentials [54] were used for all calculations. 
Structural relaxations were performed with a 520 eV 
plane-wave basis cutoff and a 10  ×  10  ×  1 Γ centered 
k-point mesh until forces on each atom were converged 
to below 10−2 eV Å−1. Total energies were converged to 
10−8 eV and a dense 21  ×  21  ×  1 Γ centered k-point 
mesh was used for computing densities of states. 
Calculations for Cr2TiC2Tx were performed with and 
without spin polarization and a Hubbard U parameter 
of 4 eV for Cr, following previous DFT predictions of 
magnetic ordering in functionalized Cr2TiC2. MXenes 
[18, 55]. The Ti d-orbital-derived projected density 
of states (PDOS) was not significantly affected with 
spin polarization, so non-spin polarized results are 
reported here.

3.  Result and discussion

In order to investigate the effects of the Ti site 
occupancy within the MXene layers, three types of 
MXenes were investigated: compounds with (i) Ti 
atoms only on the surface (Ti2CTx), (ii) Ti atoms in 
both the surface and the middle transition metal layer 
(Ti3C2Tx), and (iii) Ti atoms residing in only the center 
M-site layer (Mo2TiC2Tx and Cr2TiC2Tx). Schematics 
of these structures, along with their corresponding 
Al-containing parent MAX phases [56], are shown in 
figure 1. When the Al layer is etched out from Ti2AlC 
(figure 1(a)), both layers of Ti in Ti2CTx are exposed 
to the surface terminations. Figure  1(b) shows that 
when the Al layer is selectively etched from Ti3AlC2, the 
remaining MXene contains three layers of Ti, the top 
and bottom surface layers are similar to the Ti layers 
in Ti2CTx, while the center Ti layer is not bonded to 
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the surface terminations. In contrast, when the Al 
layer is etched away from Mo2TiAlC2 and Cr2TiAlC2 
(figure 1(c)), the only Ti layer in the resulting MXenes 
is sandwiched by two MoC or CrC layers in the sub-
surface M-sites and does not directly bond to the 
surface terminations. Therefore, comparison of these 
four compounds allows us to directly probe the role 
of surface and sub-surface Ti atoms on the electronic 
structure. Here we note that the M-layers in ordered 
double-M MXenes are nominally fully ordered 
[17, 57], although studies quantifying the degree of 
ordering are currently limited.

In figure 2, we present the Ti L2,3-edge spectra for 
all MAX and MXene studied here. The spectral features 
arise from electronic transitions in which electrons are 
excited from the occupied Ti 2p  core-level orbitals to 
unoccupied Ti 3d valence orbitals. The spectra con-
tain both the L3 (~453–463 eV) and L2 (~463–473 eV) 
edges, which are a result of spin–orbit splitting of the 
p -orbitals producing distinct 2p 1/2  →  3d (L2) and 
2p 3/2  →  3d (L3) transitions. The measured spectra are 
thus reflective of the unoccupied Ti 3d density of states, 
but do not map directly onto the DOS due to interac-
tions with the core hole created upon excitation. The 
MXene spectra shown in figure 2 are representative of 
spectra obtained from multiple samples at different 
locations on the samples.

Data over the wider spectral range from 450 eV 
to 480 eV are presented in figure S3 in the support-
ing information. All the spectra shown in this study 
were normalized by subtracting the average pre-edge 
intensity (450–455 eV) from the raw spectra, and 
then by scaling the entire spectrum so that the post-
edge absorption at 471 eV is set to unity. This post-
edge energy was chosen to avoid the presence of sin-
gle-hump-features between 473 eV to 480 eV which 
adversely affects the normalization process. The sam-
ple homogeneity and stability under x-ray flux was 
examined by measuring multiple positions on each of 
the samples. The x-ray absorption spectra are almost 
identical for the same sample at different positions 
as shown in figure S4, indicating homogeneity of the 
samples. Also, each spot was measured twice resulting 
in unchanged spectra, which suggests that the samples 
do not degrade with exposure to the soft x-ray beam 
during the time of spectra collection (~15 min). Dif-
ferent batches of MXene samples were measured twice 
at NSLS-II and once at ALS. For all the MXene samples, 
the spectra are consistent across the three measure-
ments, as shown in figure S5, confirming the reprodu-
cibility of the MXene spectra.

Significant modifications to the spectral shapes are 
observed in Ti2CTx and Ti3C2Tx with respect to their 
parent Ti2AlC and Ti3AlC2 MAX phases. Single-M 

Figure 1.  Schematic of MAX phases (top) and MXenes (bottom) investigated in this study. The MXenes are synthesized by removal 
of the Al layer in the MAX structures via selective chemical etching, a process that leaves behind a variety of surface terminations (Tx) 
on the surface transition metal layers. (a) The conversion of Ti2AlC to Ti2CTx MXene where all Ti atoms reside on surface sites, while 
(b) Ti3C2Tx hosts both surface and sub-surface Ti atoms, and (c) Mo2TiC2Tx and Cr2TiC2Tx exhibit ordered M-site arrangements, 
in which the Ti atoms reside in the middle transition metal layer (sub-surface Ti). The Tx atoms (red) represent the mixed surface 
terminations (O2−, F−, OH−) that are covering the surface transition metals.

2D Mater. 7 (2020) 025015
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MXene spectra (figures 2(a) and (b)) have two notice-
able changes from their parent MAX. First, the MXene 
spectral features are broadened with respect to the 
parent MAX phases. Second, the absorption peaks are 
shifted to lower energy in the MXene phase. In con-
trast, the spectra from the ordered double-M MXenes 
(figures 2(c) and (d)) are very similar to that of their 
parent MAX phases. To further illustrate the Ti L-edge 
evolution from MAX to MXene, we present the differ-
ence spectra (Δ) as defined by subtracting the MXene 
spectra from the MAX spectra shown in the bottom 
panels of figure 2. As all x-ray absorption spectra were 
normalized by the same process, the magnitude of the 
features in Δ can be directly compared between sam-
ples in order to quantify the relative spectral changes. 
Ti2CTx has the largest differences among all the sam-
ples, with features in the Δ spectrum approximately 
two times larger than that of the double-M MXenes.

We note that the difference spectra of Ti2CTx and 
Ti3C2Tx show similar features (figures 2(a) and (b)). 
When the Al layers are etched away, the bonding of the 
surface metal layer changes, from M-Al to M-T bonds. 
To further verify that the sub-surface metal layer (the 
center Ti layer here) is spectrally distinct from the sur-
face metal atoms, we subtracted the Ti2CTx spectrum 
(containing only Ti surface atoms) multiplied by 2/3 
from the Ti3C2Tx spectrum (containing both surface 
and sub-surface Ti atoms), and the result is shown in 
figure  S6 in the supporting information. Unlike the 
Ti2CTx and Ti3C2Tx L3-edge region, which has a broad 
peak with a shoulder feature, the difference spec-
trum shown in figure S6 has a clear splitting in the L3-
edge. This L3 splitting is also observed in the ordered 

double-M MXene spectra, suggesting that after elimi-
nating the contribution from the surface transition 
metals through this spectrum subtraction process, 
the center Ti layer in Ti3C2Tx is electronically similar 
to the Ti-derived bands in Cr2TiC2Tx and Mo2TiC2Tx. 
This implies that the interactions between the center 
Ti layer in M3C2Tx and the surface terminations are 
minimal compared to the M-Tx interactions in M2CTx 
MXene.

To further quantify the degree of changes to 
the electronic structure upon conversion from 

MAX to MXene, we calculated the integral of ∆2 

(
´ Epost-edge

Epre-edge
∆2dE) from the pre-edge to post-edge 

energy for each difference spectra as shown in fig-
ure 3(a). Ti2CTx has the largest integrated ∆2 among 
the MXenes studied here, while the ordered double-
M MXenes, in which the majority of Ti atoms reside 
in the sub-surface layers, have the smallest integrated 
∆2. This indicates that the spectral changes are more 
significant for the surface-derived bands than those 
derived from sub-surface metal atoms, and thus that 
the Tx terminations have a minimal impact on the sub-
surface M-atoms compared to the surface M-atoms.

The relative concentration of d-electrons per Ti 
atoms can be inferred from the branching ratio which 

is defined as 
´

I[L3]´
(I[L3]+I[L2])

dE, where I is the XAS inten-

sity. Generally, in early transition metals, such as Ti, the 
branching ratio decreases as the d-orbital occupation 
decreases [58–61]. For example, in titanium oxides, 
the branching ratio decreases from 0.505 to 0.451 to 
0.372 as electron count is decreased from d2 to d1 to d0, 
as further discussed in the supporting information. To 

Figure 2.  X-ray absorption spectra measured from (a) Ti2CTx and Ti2AlC, (b) Ti3C2Tx and Ti3AlC2, (c) Mo2TiC2Tx and Mo2TiAlC2, 
and (d) Cr2TiC2Tx and Cr2TiAlC2 at the Ti L2,3-edge. In all data sets, MXene spectra are represented by the darker lines and the 
MAX spectra are represented by the lighter lines. Bottom panels display difference spectra (∆) obtained by subtracting each MXene 
spectrum from its parent MAX phase spectrum.

2D Mater. 7 (2020) 025015
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obtain accurate integrals within the L2 and L3 regions, 
an edge jump background was subtracted from the 
spectra prior to the branching ratio calculation based 
on Pearson et  al’s normalization method [62]. Fig-
ure  3(b) shows the differences in branching ratio 
between MAX and the corresponding MXenes. In 
all cases, the branching ratio decreases upon conver-
sion of MAX to MXenes, indicating a decrease in the 
Ti electron count in MXenes compared to the parent 
MAX phases. Importantly, the decrease in branching 
ratio is the largest for MXenes with Ti on the surface 
sites and is the smallest in ordered double-M MXenes. 
This result is consistent with DFT calculations that 
routinely show a decrease in d-electron count in Tx-
terminated MXenes compared to bare MXenes [23]. 
Additionally, previous XPS results on Ti3AlC2 and 
Ti3C2Tx were interpreted in terms of a decreased elec-
tron count in the MXene relative to the corresponding 
MAX [63].

Next, we consider the integrated XAS spectra as 
shown in figures 3(c)–(f). The spectra from MXenes 
that contain surface Ti atoms (Ti2CTx and Ti3C2Tx) 
exhibit a clear shift to lower energies after conver-
sion from the MAX phases, while that of the MXenes 
with only sub-surface Ti atoms (Mo2TiC2Tx and 
Cr2TiC2Tx) do not (figures 3(e)–(f)). These integrals 
are normalized to the total integrated spectral area up 
to the post-edge normalization energy (471 eV). In 
order to quantify the shift, we calculated the energy 
shift at every 10% of the normalized spectra inte-
gral. The average shift is  −0.53  ±  0.16 eV for Ti2CTx, 
−0.47  ±  0.14 eV for Ti3C2Tx, 0.02  ±  0.05 eV for 
Mo2TiC2Tx, and  −0.03  ±  0.04 eV for Cr2TiC2Tx; the 

error bars are calculated from the standard deviation 
of the shifts and do not take into account instrumental 
limitations. This shift to lower energies in Ti2CTx and 
Ti3C2Tx can be seen in the difference spectra (figures 
2(a) and (b)) as the negative Δ feature at the onset of 
the L3 absorption edge.

While a shift to lower energies in ionic compounds 
typically indicates reduction (an increased electron 
count of the cation), this interpretation is inconsist-
ent with the branching ratio results. We note that the 
bonds in MXenes are highly covalent and thus an ionic 
interpretation of XAS based on isolated polyhedral 
units is likely inappropriate for metallic MXenes with 
delocalized electrons. Instead, we attribute the spectral 
shift to changes in the energetic positions of unoccu-
pied Ti bands upon conversion from MAX to MXene, 
and not to reduction of Ti.

We computed elementally-resolved densities of 
states with DFT for relevant MXene and MAX com-
pounds to better understand the origin of these spec-
tral shifts. In figure  4, we present the Ti d-orbital-
derived PDOS above the Fermi level (EF) for three 
types of MAX phases (Ti2AlC, Ti3AlC2, and Cr2TiAlC2) 
and the corresponding O- and F-terminated MXenes. 
While OH-termination is also commonly observed in 
MXenes, the transition metal PDOS is not significantly 
different than that for isoelectronic F-termination 
[64–67], so we do not consider OH-termination here. 
We focus on the Ti-derived PDOS above EF in these 
compounds as this is the region of the electronic struc-
ture probed by XAS.

MXenes with Ti layers on the surface (figures 
4(a) and (b)) displayed significant differences in 

Figure 3.  (a) Integrated ∆2 (difference squared) provides a direct measurement of the differences between MAX and MXene 
spectra. Error bars are generated by systemically altering the 471 eV post-edge normalization position by  ±2 eV. (b) The branching 
ratio obtained from each spectrum. Panels (c)–(f) show the normalized integral of the x-ray absorption spectra for MXene and 
MAX compounds from pre-edge (455 eV) to post-edge (471 eV). Significant shifts in the leading absorption edge are only observed 
in the MXenes containing surface Ti.
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the unoccupied electronic structure compared to 
the corresponding MAX phase, with the Ti PDOS of 
MXenes systematically shifted to lower energies. The 
middle two panels of figure 4 display the calculated 
PDOS for the O- and F-terminated MXenes, reveal-
ing the emergence of new peaks in the PDOS and the 
shifting of states to lower energies as compared to the 
parent MAX compounds. The shifts to lower energy 
found for Ti3C2Tx and Ti2CTx, which are readily vis-
ible in the normalized integration of PDOS shown in 
the bottom panels of figures 4(a) and (b), are qualita-
tively similar to the spectral shifts measured by XAS 
(figures 3(c)–(d)). In contrast, the integrated PDOS 
for Cr2TiAlC2 and Cr2TiC2Tx display a similar energy-
dependence (figure 4(c)) indicating that the electronic 
states of sub-surface Ti atoms in Cr2TiC2Tx are largely 
unaffected by surface termination. Similar results were 
seen in Mo2TiAlC2 and Mo2TiC2Tx (figure S7).

Using Bader charge analysis, we obtained the 
change in the Ti atom charge between the MAX and 
MXene phases and confirm the proposed origin of the 
spectral shift. In Ti2AlC, the average electron count 
is 2.8 e−/Ti, while in the Ti2CTx MXenes, the aver-
age number of 3d electrons per Ti is 2.3–2.4 e−/Ti for 
O- and F-terminations. Similarly, for the surface Ti 
atoms in Ti3C2, the Bader charge changes from 2.8 e−/
Ti (MAX) to 2.35 e−/Ti (MXene). These changes sug-
gest that the spectral shift can be attributed to changes 
in the positions of unoccupied Ti bands, rather than a 
reduction of Ti. However, the Bader charge on the sub-
surface Ti atoms remains between 2.5–2.6 e−/Ti for 

all MAX and MXene phases considered here, regard-
less of surface termination or composition. Bader 
charge values for all transition metals can be found in 
figure S8. These results support our interpretation of 
the changes to branching ratio and the origin of the 
absorption edge shifts upon conversion of MAX to 
MXene. Furthermore, the stability of the sub-surface 
Ti charge state and electronic states show the promise 
of engineering robust electronic, magnetic, and topo-
logical features in MXenes without control of the sur-
face chemistry.

4.  Conclusions

In summary, we have studied the contribution of 
Ti atoms residing at surface and sub-surface M-site 
positions to the electronic structure of MXenes through 
XAS measurements and DFT calculations of MAX and 
MXene phases. Mo2TiC2Tx and Cr2TiC2Tx, MXenes 
that contain only sub-surface Ti atoms, do not exhibit 
significant changes in the Ti L-edge spectra after 
conversion from the corresponding MAX phases. In 
contrast, Ti2CTx and Ti3C2Tx exhibit noteable spectral 
modifications due to the presence of Tx terminations 
that interact with the surface Ti layers, consistent with 
previous reports of surface terminations reducing the 
d-band electron count in these materials. The disparate 
electronic effects of Tx terminations on surface and 
sub-surface M-sites is further confirmed through DFT 
calculations of unoccupied PDOS and Ti 3d electron 
densities. These results indicate that the electronic 

Figure 4.  Ti d-orbital-derived unoccupied PDOS calculated for three MAX phases and the corresponding MXenes with Ti 
at different locations, (a) Ti on the surface in Ti2AlC and Ti2CTx, (b) Ti on both surface and sub-surface sites in Ti3AlC2 and 
Ti3C2Tx, and (c) Ti at the sub-surface positions in Cr2TiAlC2 and Cr2TiC2Tx. Top panels are parent MAX phases, the second panels 
are MXenes with pure F termination, and the third panels are MXenes with pure O termination. The bottom panels show the 
normalized integral of PDOS for MAX (dashed line) and MXene compounds with pure F and O terminations.
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implications of the Tx terminations are largely 
accommodated within the surface-most M-site layers 
and have much more limited impact on sub-surface 
M-site atoms. With these new insights, we propose a 
general design strategy to stabilize surface invariant 
properties in ordered double-M MXenes, wherein the 
sub-surface M-site atoms are selected to host the desired 
electronic, magnetic, and topological functionalities.
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