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Abstract:

TisC2Tx MXene is a two dimensional (2D) material possessing highly active hydrophilic surfaces
coupled with high metallic conductivity. Cations intercalation between the TizC,;Tx nanosheets
has a significant role in many applications such as water purification, desalination, and
electrochemical energy storage. The pseudocapacitive charging mechanism involving surface
redox reactions at the TisC,Tx surface enables higher energy densities than electrical double-
layer capacitors, and higher power densities than batteries. In this context, the oxidation state
of surface Ti atoms involved in redox reactions has a high impact on the capacitance of TisC;Tx
MXene and this can be impacted by cation intercalation. The electronic structure of multi-
layered TisC,Tx particles can be investigated by X-ray absorption (XA) spectroscopy, while also
benefitting from a high spatial resolution of 30 nm from X-ray photoemission electron
microscopy. In this work, the XA spectra from multi-layered intercalated TisC,Tx particles of
different thicknesses were recorded at the Ti L- and O K-edges. The Ti oxidation state in
pristine, Li-, and Mg-intercalated TisC,Tx was found to be thickness-dependent, while Na- and
K-intercalated TisC,Tx particles did not reveal differences upon changing thickness. This work
demonstrates thickness dependent modification of the MXene surface chemistry upon cation
intercalation in different individual TisC,Tx particles.

Introduction:

The demand for portable electronic devices, electric vehicles, and renewable energy storage
devices has increased considerably over the last decade. There is a growing urgent demand
for electrochemical energy storage systems where both high energy and high power densities
are required simultaneously. The energy density of electrochemical double layer capacitors
(EDLCs) is much lower compared to batteries, but they have very high power density (can be
charged in seconds). On the other hand, pseudocapacitors can be charged rapidly in a few
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minutes or as quickly as less than a minute, achieving power densities exceeding those of
batteries [1-4]. In pseudocapacitors, high capacitance is usually achieved due to redox
reactions between the electrode and the ion from the electrolyte. There is a wide range of
different materials with intrinsic pseudocapacitive behavior such as RuO: [5,6], Nb,Os [2],
MnO; [7], and VN [8]. However, with the exception of the scarce and costly RuO; and VN which
would hinder large-scale applications, the poor electrical conductivities limit the high power
density capabilities of these materials [5,6,8]. Significant efforts are currently being directed
towards developing 2D materials for electrochemical energy storage due to their potentially
large electrode-electrolyte interface. For example, reduced graphene oxide [9] enables
relatively easy ion insertion between the layers; however, without surface modification with
pseudocapacitive active materials, the charge is stored mainly through double layer
capacitance.

MXenes are a large family of 2D transition metal carbides, nitrides, and carbonitrides [10,11]
that possess superior properties for electromagnetic interference shielding [12], water
purification and desalination [13—17], and electrochemical energy storage applications [18—
23]. MXenes are synthesized by the selective etching and exfoliation of layered three-
dimensional ternary compounds called MAX phases. The MAX phases have a general formula
of Mn+1AXn (n = 1-3), where M corresponds to an early transition metal, A is typically comprised
of elements from groups 13 or 14 of the periodic table, and X is carbon, nitrogen, or a mixture
of both [24]. In particular, TisCoTx (where Tx denotes different surface functional groups
including —OH, —O—, and —F) can be synthesized by the selective etching of aluminum layers
from TisAlIC; MAX phase powders, resulting in multi-layered particles with confined water
between the TizC,Tx nanosheets. Previous reports have shown that TisC,;Tx MXene can be
intercalated both chemically and electrochemically by organic molecules such as hydrazine,
as well as by various of mono- and multivalent cations such as Li*, Na*, K*, and Mg?* [21,25—
28]. Interestingly, MXenes combine high electrical conductivity with hydrophilic surfaces,
enabling fast and reversible insertion of a variety of intercalants in organic and aqueous
environments [29-31]. In this contribution, we investigate the impact of cation size (Li*, Na*,
K*, Mg?*) on the Ti oxidation state of individual MXene particles after intercalation.

Soft X-ray absorption spectroscopy (XAS) [19,32,33] is an element-selective technique that
allows investigation of the fine electronic structure of transition metals and is extremely
sensitive to surface chemistry. The high chemical sensitivity of XAS at the Ti L-edge has been
previously employed to discriminate between various Ti oxide species [34,35]. These oxides
can be differentiated because their orbitals differ in their electronic coordination, where TiO,
Ti,03, and TiO; have two, one, and no electrons, respectively [34,35]. X-ray photoemission
electron microscopy (X-PEEM) enables acquiring XA spectra with approximately 30 nm spatial
resolution under ultra-high vacuum (UHV) conditions [36]. Owing to different chemical
bonding environments between surface Ti and O atoms, XAS on pristine and urea-intercalated
TisC2Tx MXene were found to have different signatures [28]. The high chemical sensitivity of
XAS can also be employed in situ in agueous environments using flow cells with thin X-ray
transparent silicon nitride membranes [28]. Recently we have also demonstrated that cation



intercalation by Li*, Na*, K*, and Mg?* in TizC,Tx MXene can strongly affect the oxidation state
of the Ti atoms in MXene after drying in air [37]. Nevertheless, no information about the Ti
oxidation state on individual multi-layered particles of these cation-intercalated TisCyTx
MXenes have been considered. Furthermore, the influence of different very thin MXene flake
sizes on the electrochemical performance in MXene electrodes has been reported [38]. In the
latter study, MXene flakes which are only a few layers-thick were used. To avoid confusion with
few-layer single flakes, we will refer to individual multi-layered MXene particles in this study,
which are comprised of stacked MXene layers having a thickness that can reach several
hundreds of nanometers. Because individual MXene particles are the building blocks for multi-
layered MXene electrodes, the particle thickness is expected to influence the electrochemical
performance of MXene electrodes. In addition, the oxidation state of the Ti atoms in TizC,Tx
MXene plays an essential role in many applications, in particular for electrochemical energy
storage devices. Because MXene-based electrodes are comprised of a wide range of different
particle thicknesses, it is necessary to gain insight into how the particle thickness influences
the Ti oxidation state.

To do so, the X-PEEM technique was used in this study to characterize pristine, Li-, Na-, K-, and
Mg-intercalated TisC,Tx MXene using XAS at the Ti L- and O K-edges. X-PEEM enables spatially-
resolved XA spectra recorded in partial electron yield (PEY) detection mode over individual
particles of multi-layered MXene of different thicknesses. It is worth noting that the probing
depth of the PEY detection mode applied in this study is <10 nm. Furthermore, spatially
resolved oxidation mapping was used to illustrate the distribution of oxygen content over
individual cation-intercalated TizC,Tx particles. Two particles with different thicknesses (thin
particles are < 30 nm while thick ones are > 200 nm) were selected for each MXene sample.
The Ti oxidation state in pristine, Li-, and Mg-TisC,Tx was found to be thickness-dependent
while Na- and K-TisC,Tx of different thicknesses did not reveal changes in the Ti oxidation state.

Results and discussions:

The focus of this study is to investigate the difference in the Ti oxidation state between thick
(about 200 to 450 nm) and thin (< 30 nm) particles of TisC,Tx after intercalation by Li, Na, K,
and Mg cations. The thickness of the particles is calculated via multiplying the shadow region
length by the tangent of the incident angle (16°) of the X-ray beam. Figure 1a shows X-PEEM
images recorded at the Ti L- and O K-edges of an individual Ti3C,Tx MXene particle. This particle
is around two micrometers in diameter, < 30 nm thick, and exhibits sharp edges. XA spectra
were integrated over regions near the center and edge positions of the particle, the regions
of which are highlighted in yellow and green, respectively. The Ti Ls and L, edges are related
to the excitation of Ti 2p3;2 and Ti 2p1/2 core levels to an unoccupied Ti 3d state, respectively,
and are each split into two sub peaks. The splitting results from the ligand field induced by
binding with oxygen atoms, and corresponds to electronic states with t»; and e; symmetries.
Because the Ti eq orbitals point directly to the 2p orbitals of the surrounding O atoms, the eq4



band is highly sensitive to changes in the local environment [35,39]. Furthermore, the onset
energy position of the Ti L-edge has been found to shift to lower energy with lower Ti oxidation
state and vice versa [34].

Changes in the Ti oxidation state of the TisC,Tx MXene particle were observed at different
locations across its surface. The splitting of the Ls edge into ty; (458.1 eV) and ey (459.4 eV)
sub-bands was observed at the center of the particle but is more pronounced at the edge.
Figure 1b shows that the onset of the Ti L-edge shifts by +0.4 eV at the edge relative to the
center of the particle. However, the lack of clear L, edge splitting and a shoulder-like eg4 sub-
band suggests an estimated oxidation state higher than Ti3* at the center and the edge

positions.
a b L L, TiiC,T,
— e tZg
[0 | P — center
i= — edge
=
¥l
—
L
>
w
o
455 460 465 470
c Incident Photon Energy (eV)
d TizCoTy
E — center
— = — edge
N
o B
g S
g &
8 o
m ————
-0.4 -0.2 0.0 0.2 0.4 525 530 535 540 545 550

Incident Photon Energy (eV)

Figure 1. (a) X-PEEM micrographs of a pristine multi-layered TisC.Tx MXene particle at the Ti L- and O K-edges
taken at excitation energies of 463.9 eV and 530.9 eV, respectively (scale bar 2 um). The regions labeled center
and edge in b and d are highlighted in yellow and green, respectively. (b) X-PEEM Ti L-edge XA spectra of a
single particle of pristine TisC2Tx MXene. (c) Lateral oxygen concentration over an individual MXene particle
obtained from the difference of averaged X-PEEM micrographs at the O K-edge in the tz; and e, region (530.0-
534.5 eV) relative to the background (524.5-529.0 eV), the line profile (the y-axis is the intensity in arb. units)
of this particle is shown next to the oxygen concentration distribution map. (d) X-PEEM O K-edge XA spectra
of pristine TisC2Tx MXene.

Since the XA spectra at the Ti L-edge reveal a difference in the Ti oxidation state, the O K-edge
was also measured in order to assess any further correlation. Figure 1c demonstrates the
oxygen distribution and local bonding environment of the TizC,Tx MXene particle, where the



relatively higher contrast close to the edges is indicative of a higher oxygen content. The
oxygen content within the particle was found to vary slightly but remain lower relative to the
edges as illustrated by the line profile in Figure 1c. Figure 1d shows a comparison in the XA
spectra at the O K-edge for pristine TizC,Tx MXene at the center and edge positions of the
particles. The O K-edge XA spectra demonstrate two main peaks in the energy range between
529.0-535.0 eV which result from the transitions between O 1s and 2p states that are
hybridized with empty Ti 3d orbitals. Whereas in the 537.0-546.0 eV region, the O K-edge
spectra show a second set of bands which can be attributed to transitions from O 2p states
that are hybridized with Ti 4s and 4p states [40]. The strong bands between 537.0-540.0 eV
from the edge XAS are characteristic of the SiO; substrate, as demonstrated in Figure S1. We
will therefore concentrate the discussion on the 529.0-535.0 eV region in the following. The
peaks at 530.6 and 533.1 eV are assigned to the t»; and ey sub-bands, respectively.
Interestingly, the ey peak was found to be higher in intensity compared to the t,4 peak at the
edge sites, suggesting a higher oxidation of the edges, which is in agreement with the Ti L-
edge. We previously interpreted this result as a slight oxidation induced by oxygen and water
molecules from the ambient environment during sample preparation and drying in air [28]. It
has to be emphasized that the thickness of the particle shown in Figure 1a is very thin (< 30
nm). Nevertheless, the difference in the oxidation state between the center and edge is still
represented. Indeed, the oxidation proceeds faster at the edges relative to the basal plane in
TisC,Tx, resulting in higher resistivity MXene electrodes [41-43]. In comparison to a thicker
pristine TizCoTx particle, the total average Ti oxidation state was found to be relatively higher
for the thin particle.

The pristine multi-layered TisC,Tx MXene particle was presented to probe the impact of the
cation intercalation between TizC,Tx layers on the Ti oxidation state. Individual Li-intercalated
TisC2Tx MXene particles were then characterized. Figure 2a shows X-PEEM images at the Ti L-
edge for two Li-TisC,Tx particles of different thicknesses. The yellow labeled area indicates the
region over which the XA spectra were acquired from, as shown in Figure 2b. Thick particles
can be identified from the very well pronounced shadow region which is not observed for thin
particles. Multi-layered MXene particle 1 XA spectra (about 205 nm thick, Figure S2) reveal a
very well resolved splitting at the Ls edge into t24 (485.1 eV) and ey (459.2 eV) peaks. However,
no clear splitting was observed in the L, edge, resulting in a t»; peak at 463.4 eV with a
shoulder-like ey peak. Multi-layered MXene particle 2 is £ 30 nm thick as no significant shadow
is observed (Figure S2). This particle shows relatively less pronounced splitting in the L; edge
into t2g (457.8 eV) and e4 (459.2 eV) peaks and the L, edge reveals only tz4 (463.1 eV) as no eq4
peak or shoulder-like feature is observed. However, the onset energy position of the Ti L-edge
in particle 1 and 2 of Li-TisC,Tx MXene was found to be unaffected by the thickness difference.
In contrast to particle 2, the Lz e4 peak is higher in intensity relative to the Ls t2g peak in particle
1. The higher Ls e4 to t24 peak intensity ratio and the L, e shoulder feature in particle 1 suggests
a higher Ti oxidation state compared to particle 2.

The lateral oxygen concentration in both particles (Figure 2c) demonstrates no change in the



oxygen distribution, as the line profiles of the corresponding particles show a relatively
homogenous oxygen content. Figure 2d displays the O K-edge spectra of particle 1 and 2
recorded from the same region of interest where the Ti L-edge XA spectra were acquired in
Figure 2a. The detection of the SiO, substrate signature between 537.0 and 540.0 eV at the O
K-edge in particle 2 implies a multi-layered MXene particle of probably less than 10 nm
thickness. The peaks at 530.5 and 532.6 eV are assigned to the t;; and e4 orbitals in particle 1,
respectively. For particle 2, on the other hand, no clear ey contribution is detected. This
observation is in agreement with the XA spectra at the Ti L-edge which manifests a higher
oxidation state in particle 1 relative to particle 2. Interestingly, thinner multi-layered Li-
intercalated MXene particle demonstrates less Ti oxidation than the thick one. We therefore
conclude that thinner particles are not necessarily more oxidized. Therefore, the Ti L-edge and
O K-edge XA spectra present a relatively higher Ti oxidation state in the thick particles. The
thickness-dependent Ti oxidation of Li-TisC,Tx particles is possibly due to a greater
intercalation by Li cations between the multi-layered TizC,Tx MXene nanosheets of thin
particles. Regarding the homogeneity of the lateral oxygen concentration, Li cations are
known to intercalate very close to the TisC,Tx surface, suggesting a homogeneous distribution
of Li cations which thus serve to effectively shield the Ti atoms at the MXene surface from

forming further oxygen bonds [44].
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Figure 2. (a) X-PEEM micrographs of individual multi-layered Li-TizC2Tx MXene particles at the Ti L-edge taken
at an excitation energy of 463.9 eV (scale bar 2 um). The investigated region of particle 1 and particle 2 in b
and d are labeled in yellow. (b) X-PEEM Ti L-edge XA spectra of the two different Li-TizC2Tx MXene particles.
(c) Lateral oxygen concentration over individual MXene particles obtained for the same energy range described
in Figure 1 and the line profile (the y-axis is the intensity in arb. units) across each single particle is shown
underneath the oxygen concentration distribution map. (d) X-PEEM O K-edge XA spectra of multi-layeredLi-
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TisC2Tx MXene particles.

Spatially resolved XA spectra of Na-intercalated multi-layered MXene particles were also
measured. The thicknesses of particles 1 and 2 are estimated to be about 270 nm and < 30
nm, respectively (Figure S2). The X-PEEM micrographs at the Ti L-edge of these two multi-
layered MXene particles are shown in Figure 3a. Interestingly, both particles reveal faint
splitting at the Lz edge into t2y (458.0 eV) and e4 (459.3 eV) peaks while the L, edge shows a
single peak at 463.5 eV which is related to the ty; sub-band, as illustrated in Figure 3b. In
agreement with the Ti L-edge fine structure (t2; and ey peaks), the Ti L-edge onset energy
position featured in both Na-TisC,Tx particles coincide with each other. Irrespective of the
thickness of the Na-TisC,Tx particles, the lateral oxygen concentration map is relatively similar
and homogeneous across the particles (Figure 3c), which is similar to that observed for Li-
TisC,Tx. The XA spectra at the O K-edge of both multi-layered particles were found to agree
with one another (Figure 3d). The two O K-edge XA spectra signature are similar, with two
distinct peaks at 530.7 eV and 533.3 eV, which are attributed to the t2y and ey orbitals,
respectively. This is also observed at the Ti L-edge, and therefore we conclude that there is a
comparable oxidation state of the Ti atoms in the two Na-TisC,Tx MXene particles. As the Ti
oxidation state in the multi-layered Na-TisC,Tx particles is found to be stable irrespective to
the particle thickness, the intercalation by Na cations between the multi-layered TisC;Ty
nanosheets might facilitate a relatively homogeneous surface chemistry. It is worth noting
that Na cations were also found to prefer sitting close to the TisC,Tx surface [44].
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Figure 3. (a) X-PEEM micrographs of individual multi-layered Na-TisC:Tx MXene particles at the Ti L-edge taken
at an excitation energy of 463.9 eV (scale bar 3 um and 1 um in particle 1 and 2, respectively). The investigated
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region of particle 1 and particle 2 in b and d are labeled in yellow. (b) X-PEEM Ti L-edge XA spectra of the two
different Na-TisC2Tx MXene particles. (c) Lateral oxygen concentration over each individual Na-TizsC.Tx particle
obtained for the same energy range described in Figure 1 and the line profile (the y-axis is the intensity in arb.
units) across each particle is shown underneath the oxygen concentration distribution map. (d) X-PEEM O K-
edge XA spectra of multi-layered Na-TisC2Tx MXene particles.

For K-intercalated TisCoTx MXene, two different particles of 450 nm and < 30 nm thick (Figure
S2) were characterized. The spatially resolved X-PEEM micrographs and the corresponding Ti
L-edge XA spectra for the K-TisC,Tx MXene are presented in Figure 4a and b, respectively.
Despite the large difference in thickness, the Ti L-edge profile of both multi-layered particles
was found to be identical. In both particles 1 and 2, a very weak splitting of the Ls; edge into
tog (457.8 eV) and e4 (459.0 eV) peaks was observed, while the L, edge shows a single peak at
463.4 eV which is related to the t2g peak, as shown in Figure 4b. In line with the Ti L-edge fine
structures, the onset energy position in K-TisC;Tx MXene is found to not be influenced by the
thickness of the particles.

However, the lateral oxygen concentration over the particle differs between thick and thin
particles. The line profile across the thicker particle demonstrates inhomogeneous oxygen
distribution, whereas the thin particle has a relatively homogeneous oxygen distribution as
can be seen in Figure 4c. The t2g and eq4 peaks of the XA spectra at the O K-edge were found to
be at 530.5 eV and 533.2 eV in both particles, respectively (Figure 4d). The comparable fine
structures at the O K-edge XA profile in both particles leads to a similarity in the Ti oxidation
state in multi-layered K-TisC,Tx MXene particles. This trend observed from O K-edge XA spectra
support the similarity in the Ti L-edge XA spectra. Nevertheless, the line profile across the
particle reveals differences in the oxygen content environment between thick and thin
particles which might be due to the uneven distribution of oxygen atoms in multi-layered
TisCoTyx particles.
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Figure 4. (a) X-PEEM micrographs of individual multi-layered K-TisC.Tx MXene particles at the Ti L-edge taken
at an excitation energy of 463.9 eV (scale bar 2 um and 1 um in particle 1 and 2, respectively). The investigated
region of particle 1 and particle 2 in b and d are labeled in yellow. (b) X-PEEM Ti L-edge XA spectra of the two
different K-TisC2Tx MXene particles. (c) Lateral oxygen concentration over each individual K-TizC2Tx particle
obtained for the same range described in Figure 1 and the line profile (the y-axis is the intensity in arb. units)
across each particle is shown underneath the oxygen concentration distribution map. (d) X-PEEM O K-edge XA
spectra of multi-layered K-TisC2Tx MXene particles.

Finally, the impact of intercalation by multivalent cations, such as Mg?*, on the surface
chemistry in multi-layered TisC;Tx MXene is of a great interest. The thickness of the
investigated Mg-intercalated multi-layered TizC,Tx particles is about 365 nm and < 30 nm in
particles 1 and 2, respectively (see Figure S2). Figure 5a demonstrates X-PEEM spatially
resolved micrographs to show individual particles of Mg-TisC,Tx MXene at the Ti L-edge. The
Ti L-edge XA spectra of both particles demonstrate very similar profiles with a clear splitting
in the Ls edge into t24 (458.2 eV) and e, (459.1 eV) peaks, but the L, edge shows a single peak
at 463.8 eV which corresponds to the tz4 peak, as shown in Figure 5b.
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Figure 5. (a) X-PEEM micrographs of individual multi-layered Mg-TisC2Tx MXene particles at the Ti L-edge taken
at an excitation energy of 463.9 eV (scale bar 2 um). The investigated region of particle 1 and particle 2 in b
and d are labeled in yellow. (b) X-PEEM Ti L-edge XA spectra of the two different Mg-TisC.Tx MXene particles.
(c) Lateral oxygen concentration over each individual Mg-TisC.Tx particle obtained for the same range
described in Figure 1 and the line profile (the y-axis is the intensity in arb. units) across each particle is shown
underneath the oxygen concentration distribution map. (d) X-PEEM O K-edge XA spectra of multi-layered Mg-
TisC2Tx MXene particles.

The higher L3 e4 to tz4 peak intensity ratio in particle 2 relative to particle 1 indicates a higher
Ti oxidation state. The X-PEEM lateral oxygen concentration map over the entire particles is
shown in Figure 5c. The line profile across particle 1 and 2, shown below the X-PEEM map,
demonstrate an inhomogeneous oxygen distribution. Figure 5d shows the XA spectra at the
O K-edge of both Mg-TizsC,Tx MXene particles. The t2g and ey peak position was observed at
531.2 eV (531.6 eV) and 532.9 eV (533.0 eV) in particle 1 (particle 2), respectively. It is worth
noting that in the Mg-TisC,Tx MXene, the distance between the layers are larger after Mg
intercalation relative to other cations [45] and Mg cations prefer to be located relatively far
away from the MXene surface [46], which paves the way for more oxygen and water molecules
from the environment to bond with the TisC,Tx surface prior sample’s introduction to the
UHV system. As a result, a higher average Ti oxidation state is observed, as supported by the
better resolved splitting observed in the Ls; edge.

In comparison between the different cation-intercalated TisC,Tx samples, the splitting at the
Ls edge is very well pronounced in Li- and Mg-Ti3sC,Tx which indicates a higher Ti oxidation
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state compared to Na- and K-TisC,Tx particles. In this context, the multi-layered Na- and K-
TisC,Tx MXene particles demonstrate also lower eq to t2g peak ratio at the O K-edge, which can
probably be attributed to a comparable impact induced by these cations on the surface
chemistry of the TizC,Tx MXene. In another recent study, XAS recorded in total electron yield
(TEY) mode showed an increase of the Ti oxidation state after intercalation of cations with
increasing cation sizes [37]. We observe here a slight difference of the Ti oxidation state after
intercalation of Na and K cations. This difference is most likely related to (i) the relatively larger
probing depth of TEY relative to PEY detection modes, (ii) the large amount of particles of
different size, geometry, and thickness probed by TEY with a larger X-ray spot and (iii) the
MXene environment under UHV conditions in this work (10° mbar range) compared to
standard vacuum (10°® mbar range) conditions in reference 37. The difference in the pressure,
along with the comparison between a thick drop cast sample compared to individual particles,
may potentially influence the amount of the confined water between the nanosheets of the
multi-layered TisC,Tx MXene and hence the Ti oxidation state. Furthermore, the oxygen
distribution over individual particles in the Li- and Na-TisC;Tx particles is found to be
homogeneous, possibly owing to the preferred position of Li and Na cations close to the TisC,Tx
surface [44]. Note that we previously observed O-Na and O-Li bonds at the O K-edge but not
on the individual particles investigated in this study. Further X-PEEM studies would be
required to understand where these bonds can be found. In K- and Mg-TizC,Tx MXene, uneven
distribution of oxygen was observed, which would also require further investigation in future.

Conclusion

By using X-PEEM, the impact of intercalation with Li*, Na*, K*, and Mg?* on the electronic
structure of individual multi-layered TisCoTx MXene particles was investigated. Spatially-
resolved XA spectra at the Ti L- and O K-edges provide extensive information about the Ti and
O bonding environment over individual multi-layered MXene particles with approximately 30
nm resolution. For each cation-intercalated multi-layered TisC;Tx MXene, two individual
particles of different thickness and lateral dimensions were characterized. The Ti oxidation
state in Na- and K-TisC;Tx MXene was found to be unaffected by the particle thickness,
whereas in Li- and Mg-TizC,Tx MXene, the Ti oxidation state was found to differ between thin
and thick particles. This study highlights that the thickness of individual multi-layered MXene
particles, in addition to the interlayer spacing, affect the oxidation state of Ti and surface
chemistry of MXene which are critical for electrochemical energy storage. This has to be
considered to explain their electrochemical performance of thick electrodes based on such
cation-intercalated TizCoTx MXene multi-layered particles. The X-PEEM-based XA spectra
sensitivity at the Ti L- and O K-edges to the oxidation state of the Ti atoms in MXene can also
be applied to investigate the intercalation of other cations in Ti3zC,Tx and/or other types of
MXenes.

Experimental Section:



Materials: The TizAIC; was synthesized as reported by Huang and Mochalin [47]. Powders of
titanium (Ti, Alfa Aesar, -325 mesh), aluminum (Al, Alfa Aesar -325 mesh), and graphite (C, Alfa
Aesar, APS 7-15 micron) with Ti : Al : C atomic ratio of 3.00:1.10:1.88, were mixed using a
Turbula T2F mixer for 3 h with the aid of yttrium stabilized zirconia balls as mixing medium.
Then, the mixed powders were transferred in an alumina crucible and heated in a tube furnace
to 1600 °C at 10 °C/minute and held at that temperature for 2 h. Afterward, it was allowed to
cool down freely in the furnace to room temperature. Continuous flow of argon was
maintained during the entire heating and cooling cycle.

To make pristine TizCyTx, 1 g of TisAIC; (-325 mesh) powder was added into 10 mL of 10%
hydrofluoric acid (50%, Fisher Scientific) solution. The solution was stirred for 24 h at room
temperature. Then, the mixture was centrifuged to remove the acid and fresh deionized water
was added, followed by centrifugation, decantation and repeating this cycle until the pH of
the suspension reached ~6. After the final centrifugation, fresh DI water was added to collect
the sediment that was then dried via vacuum-assisted filtration. The obtained TisC,Tx powder
was kept under vacuum at room temperature to prevent any deterioration due to oxidation.

Cation-intercalated TizC,Tx samples were synthesized following Ghidiu et al. [45] procedure.
Ti3AlC; (-325 mesh) was slowly added to a solution of lithium chloride in hydrofluoric acid (10%
HF) in ratios of 1 g of TisAIC; to 10 ml of etchant, with a LiCl : TisAlC; molar ratio of 5:1, and
stirred for 24 h at room temperature. This was followed by washing with excess deionized
water until a pH >6 was reached. The still wet powders were soaked in 37% HCI (30mL perlg
of powder), centrifuged, and supernatant was discarded. This step was repeated for a total of
5 cycles of acid washing. The powders were again washed with excess deionized water until a
pH > 6 was reached. The wet powders were divided into 5 equal portions, and one portion
was soaked in 1M LiCl, 1M NacCl, 1M KCl, 0.5M MgCl,, or deionized water (40 mL solution for
each gram of powder) for 1 h, after which the solutions were centrifuged, and supernatants
discarded. This was followed by repeating the soaking of the wet powders in fresh solutions,
listed above, for 24 h. Then, the mixtures were washed with deionized water 3 times,
discarding supernatants at each step. Finally, the intercalated powders of Li-, Na-, K-, and Mg-
TisC2Tx MXene were dried by vacuum assisted filtration.

All post-synthesis sample preparation and thin film processing for synchrotron-based
measurements were carried out in the chemistry lab at the Energy Materials In situ Laboratory
Berlin (EMIL), jointly operated by Helmholtz-Zentrum Berlin fir Materialien and Energie,
GmbH (HZB) and the Max-Planck Society. The pristine and cation-intercalated TizC,T, powder
samples were dispersed in deionized water (Milli-Q, 18.2 MQ.cm) (concentration of each
sample was 10 mg/ml) and then sonicated for 90 minutes followed by centrifuging at 3500
rpm for 15 minutes. Before use, the samples were sonicated for several minutes in order to
obtain a homogeneous suspension (ink-like). Subsequently, to obtain individual and isolated
multi-layered particles of MXene, the different MXene samples were spin coated in air on
conductive Si substrates.



X-PEEM: Photoemission electron microscopy (PEEM) was conducted at the soft X-ray
undulator beamline UE49-PGM-A of the BESSY-Il storage ring in Berlin using linearly polarized
light. The endstation was equipped with an Elmitec PEEM-IIl energy microscope/analyzer
allowing energy and spatially resolved imaging. The XA spectra were measured in Partial
Electron Yield (PEY) detection mode under ultra-high vacuum (UHV) conditions. Due to the
difficulty to find very close particles in thickness, we focused the study on two individual
particles having comparable thickness per each sample. It is worth noting that, X-PEEM
technique could also provide valuable information about the thickness of the multi-layered
MXene particles. The height of the thick multi-layered MXene particles above the substrate
can be measured by their shadow. Please note that the thickness of the multi-layered MXene
particles is calculated via multiplying the length of the shadow region by the tangent of the
incident angle (16°) of the X-ray beam. On the other hand, particles without shadow are below
30 nm of thickness and those particles shining a signal from the substrate are below 10 nm.
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