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ABSTRACT

We propose a more realistic albeit slightly complicated multilayer TizCoT, model and
performed a comprehensive theoretical study of the structural and electronic properties. In this
work, we constructed various multilayer Ti3C> T, structures considering different concentrations of
hydrofluoric acid, HF (5, 10, and 48 wt. %) as the etchant. The validity of our ternary mixed
O/OH/F-terminated Ti3C>T, multilayer models is confirmed with the consistency of the calculated
d-spacing (9.60 £ 0.07 A), simulated X-ray diffraction (XRD) spectra and the predicted adhesion
energy (0.77 £ 0.15 J/m?) with the reported experimental measurements. The uniform terminated
and mixed terminated multilayer Ti3CoTx exhibit metallic characteristics, similar to those of
monolayer Ti3C,T.. We found a stronger interaction between the interlayers with OH-rich ternary
mixed terminated Ti3C2 T, surfaces, due to the formation of hydrogen bonds between the hydroxyl
groups and adjacent layers of F/O terminal groups as supported by the crystal orbital Hamilton
population (COHP) calculation. From this finding, we propose that multilayer Ti3C>Tx etched with
a strong HF acid could be easier to exfoliate into monolayer sheets due to smaller adhesion energy.
Based on this work, we believe that current findings will offer a fundamental understanding and a
useful baseline multilayer model for the future investigation of the hydrogen and ions storage and

diffusion capabilities in the MXene multilayer application.

1. INTRODUCTION

MXenes have rapidly grown into the largest two-dimensional (2D) material family since
the successful experimental synthesis of its pioneering material, Ti3C>Txin 2011 2. For TizCyTy,
T, is the surface terminal group comprised of O, OH, F, or Cl depending on the experimental used
etchant. Due to their 2D morphology, metallicity, and high tunability of surface termination, they
exhibit promising potential applications in a vast realm, such as gas sensors * and energy storage
+7. One of the studies that has recently garnered significant interest is its capability for hydrogen
storage®!°, Recently, using mixed terminated surfaces, we investigated the hydrogen storage
capabilities of the Ti3C,Ty monolayers and found that mixed terminated surfaces demonstrated
unique electronic properties that were otherwise absent on the uniformly F/O/OH-terminated
surfaces, which are beneficial for hydrogen adsorption’. The theoretical study reveals the tunability
of hydrogen adsorption energy with different surface terminal group. However, the surface

hydrogen adsorption study only accounts for the storage capacity utilizing the basal plane of the
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Ti3C, Ty surface considering the effect of surface termination, while the important interlayer
adsorption that offers another hydrogen storage avenue was not readily considered.

In a recent review article on the MXene as hydrogen storage material, Thomas et al. '°
conducted a thorough literature search on the hydrogen storage performance of a variety of
MXenes and concluded that there remain plenty of challenges that needed to be addressed for
MXenes to be considered a viable candidate for hydrogen storage. Among the unanswered
questions was, how would the hydrogen molecules diffuse and store in the multilayer Mxene. Early
theoretical hydrogen storage study of graphene nanostructure by Patchkovskii !! demonstrated that
the enhanced hydrogen storage capacity attributed to the “nano pump” effect, where the hydrogen
pressure in the small gap between the interlayer structure is increased due to the confinement of
hydrogen molecules at interlayers. A more recent study of the hydrogen storage in graphene-based
sandwich structures'? also showed a tunable hydrogen storage capacity by increasing the amount
of hydrogen molecules capsuled inside the interlayer. On the other hand, for MXenes, one of their
advantages is their 2D morphology and adjustable interlayer spacing that is useful for controlling
the diffusion and adsorption of hydrogen gas, and potentially enhancing the overall storage
capacity of hydrogen. To date, two experimental measurements of the hydrogen storage capacity
of Ti-based MXenes have been reported. Liu et al. ® studied the correlation between the interlayer
spacing and hydrogen storage capacity of incompletely etched MXenes (Ti3C,Tyand Ti>CTy) and
suggested that the hydrogen storage in the interlayer is possibly due to the nano pump-assisted
weakly chemical absorption of hydrogen. Ghotia et al. ° et al also observed a high storage capacity
of Ti3C2 T, at cryogenic temperature and 2.5 MPa of hydrogen pressure. However, the fundamental
understanding of the storage mechanism remains elusive despite these experimental reports.
Nevertheless, these studies have suggested that the interlayer of MXenes possibly plays a pivotal
role in optimizing the hydrogen storage capacity in TizC2Tx MXenes. Therefore, it is paramount
to understand the structural properties of and the interaction between the multilayer Ti3C,Ty to
reveal its hydrogen storage mechanism and the full hydrogen storage capability.

The first Ti3C>Tx was exfoliated from the TizAlC; using 50 wt. % HF !. Ying et al. '3 first
synthesized the Ti;C>T, using 10 wt. % HF and observed a relatively large d-spacing of ~13.5 A.

1. 14, they observed a significant drop in the d-spacing upon drying of

In a later study by Wang et a
the sample after washing, thus, hypothesizing such large d-spacing as observed in the study of

Ying et al. 13 could be attributed to the presence of water or aqueous solution in between the MXene
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layers. In a recent work, Wang et al. ' studied the effect of HF etching time on the MXene structure
and found a variation of d-spacing from 9.3 to 9.87 A after 17 days of etching. Other experimental
syntheses of Ti3C,Tx with different HF concentrations (5-50 wt. %) demonstrated that the d-
spacing of synthesized multilayer TizC,Ty is in the range of 9.5 to 9.9 A %7 However, despite
more than a decade of discovery, the characterization of the surface distribution of the terminating
group on Ti3CoT, remains a challenging task as it is hindered by the insensitivity to hydrogen
employing those methods ! '7. Nevertheless, the fundamental understanding of the surface
morphology and subtle interlayer interaction within the multilayer Ti3CoT, remains lacking. A
thorough and systematic study of multilayer Ti;C,T, with ternary mixed F/O/OH-termination
remains absent from the literature. A systematic basic study thus is crucial for providing a design
principle for these structural properties, and hydrogen storage application. To fill this literature
gap, we intend to carry out a baseline study exploring the structural and electronic properties of
multilayer ternary mixed F/O/OH-terminated multilayer Ti;C,T, to pave the way for the future
investigation of the hydrogen storage capability of the Ti;C,T, multilayers, in comparison to the
surface adsorption of hydrogen on the mixed F/O/OH Ti3C,T, monolayers’ .

Meanwhile, recent experimental efforts have been carried out to understand the surface
terminal group distribution on Ti;C,T, For instance, using pair distribution function (PDF) in the
energy-dispersive X-ray spectroscopy (EDX) characterization, Wang et al. '* determined the
stoichiometry of T, based on the average atomic ratio of O:F in the multilayer Ti;C,T, sample.
Based on this reported experimental study, we have investigated the structural and electronic
properties of Ti;C,T, monolayers!®, going beyond the first- and second-generation models of
MXenes monolayers which consider either a bare or uniformly terminated Ti3C>T, with a single
terminating functional group'* '8, Recently, Marquis et al. !° studied the binary/ternary mixed
terminated multilayer Ti>CT, (Tx = O, F, OH) structures and found that surface termination plays
an important role in tuning the MXenes tribological properties in experiments. This implies that
surface termination indeed affects the interlayer interaction and potentially the hydrogen diffusion

718 and to extend the

and storage in the multilayer MXenes. To go beyond the monolayers study
current limited understanding in multilayer Ti;C,T, model, in this work, considering various
Ti;C,T, surfaces, i.e., the uniformly terminated Ti;C,T, surfaces (T, = F,, O, or OH,) and the
ternary mixed terminated surfaces Ti;C, T, (T, = O,O0H,F,, where p + g + r = 2) adopted from Ref'8,

we have constructed various multilayer Ti;C, T, structures representing different etching conditions
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(5, 10, 48 wt. % HF) for a systematic structural and electronic properties study based on first-

principles calculations.

2. COMPUTATIONAL METHODS AND DETAILS

To model the multilayer Ti;C,T, structures, first-principles density functional theory (DFT)
was employed as implemented in Vienna Ab initio Simulation Package (VASP) 2% 2!, The
projector-augmented-wave (PAW) pseudopotential method, together with the generalized gradient
approximation (GGA) and the Perdew—Burke—Ernzerhof (PBE) exchange-correlation functional
were used to represent the exchange-correlation effects in the DFT simulation ?2. The kinetic
energy cutoff for the plane-wave basis was set at 500 eV. For the structural optimization, the
Brillouin zone was sampled using a single k-point, while electronic calculations employed a I'-
centered grid of (3 X 3 X 3). The electronic self-consistent cycle energy convergence was set at
1 x 10~5eV and the residual force on each atom is less than 1 x 10™* eV /A. The van der Waals
interaction was included in all calculations using the semi-empirical approach of Grimme (DFT-
D3) ?? as its reliability has been demonstrated in the previous studies of stacked TisC>T, bilayer 2+
26 To investigate the bonding strength between the interlayer structures, crystal orbital Hamilton
population (COHP) analysis was carried out as implemented in the LOBSTER code 2-*° employing
the Bunge basis sets 3!. To further confirm the thermal stability of these multilayer Ti;C,T, at room
temperature, ab initio molecular dynamics (AIMD) was performed on one of the structures for 5
ps in the NVT ensemble employing Nosé —Hoover thermostats, and the result is shown in Figure
S1. Our calculation shows no significant structure deformation or dissociation of termination
groups upon heating at T = 300 K, confirming the thermal stability of our optimized structures at
room temperature. All atomic structures and charge densities are visualized using the open-sourced

visualization software VESTA 32,

3. RESULTS AND DISCUSSIONS
3.1 Model construction

To model multilayer Ti;C,T,, we considered the uniform O/OH/F-terminated and the

O/OH/F ternary mixed terminated monolayers as adopted from Ref!® that are found to be
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thermodynamically stable and more favorable than uniform O/OH/F-termination. To investigate
the favorable stacking orientation, the uniform O/OH/F-terminated monolayers were stacked
parallelly in the lateral ¢ direction with two different lateral positions (Figure 1), namely the P-
trigonal and P-octahedral as distinguished by the coordination of the interlayer terminating groups.
The “P” denotes the parallel orientation of the monolayers in between the bulk multilayer as shown
in Figure 1. For P-trigonal stacking, the adjacent terminating groups face each other directly while
the terminating groups in P-octahedral staking face the adjacent outermost Ti atoms. Interestingly,
upon full geometrical optimization, we found that the total energy of the P-octahedral stacking is
always energetically more favorable than that of the P-trigonal stacking regardless of the
terminating group (Table S1). Moreover, for uniform O-terminated monolayer, even starting with
the initial stacking of P-trigonal, full geometrical optimization eventually leads to the P-octahedral
stacking. To further inspect the relative stability of the P-octahedral and P-trigonal stacked
multilayers with comparable d-spacing, we modified the P-trigonal stacked uniform terminated
Ti;C,T, and two mixed terminated Ti;C,T, (T, = Og24OH, 23Fy4s & O0240Hg:F; 12) such that their
d-spacings are comparable to that of the more stable P-octahedral stacked multilayers or
experimental values and performed atomic optimization with the fixed d-spacing. Notably, all the
total energies of the P-trigonal stacked multilayers with modified d-spacing, including the mixed
terminated Ti;C, T, are found less stable compared to the P-octahedral. For all mixed terminated
Ti;C,T, multilayers, we observed that all the optimized structures exhibited stacking order
resembling the P-octahedral stacking (Figure S2), and is stable at room temperature according to
AIMD simulation (Figure S1). Thus, the P-octahedral stacking is found to be more favorable
compared to that of P-trigonal. Further structural properties such as the d-spacing will be discussed

in the following Section 3.2.
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(a) P-trigonal (b) P-octahedral

Figure 1. Multilayer Ti;C,T, with (a) P-trigonal and (b) P-octahedral stacking. The terminating
groups in (a) are facing directly toward the adjacent layer of terminating groups while terminating
groups in (b) are facing toward the adjacent layer of outermost Ti atoms. The P-trigonal stacking
in (a) results in the adjacent terminating groups forming a trigonal coordination while P-octahedral
stacking in (b) results in an octahedral coordination. The black solid and dotted lines demonstrate
the parallel orientation and the relative position of the monolayers in the multilayer structure. Color

code- Blue-Ti, Brown-C, Grey-O/OH/F.

3.2 Structural properties of multilayer TisC2Tx

Figure 2(a) shows the side view of the ternary mixed O-/OH-/F-terminated multilayer bulk
structure of Ti3C2T,. The d-spacing is defined as the distance between the two adjacent layers of
middle Ti atoms [Ref??]. Figure 2(b) shows the simulated X-ray diffraction (XRD) of the ternary
mixed terminated Ti3C.T, with different stoichiometry, etched with 5 and 48 wt.% HF. Notably,
the signature peak of XRD, i.e., the (002) plane is found in the range of 9.15-9.38° and the location
of the (00/) peaks is distinctly recognizable at the respective angles, which is consistent with the

experimental observations !4 15 17,33

. In addition, the calculated average d-spacing is 9.60 + 0.07
A, close to the reported d-spacing from experiments (~9.5-9.9 A). For the multilayer structures

with uniform termination, the relative intensity of the (002) peak of Ti3C,0: (Figure S3) is found
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to be smaller compared to the (006) peak. In addition, the calculated d-spacing for Ti3C202 and
Ti3CoF; are 9.2 and 9.4 A (Table S2), smaller than the reported experimental value '+ 151733 We
also studied unform H-termination and ternary mixed termination (O/F/H) and found that the d-
spacings of these structures are significantly smaller (Table S2) relative to the reported
experimental values. In addition, except for the lower H-ratio surfaces that exhibit d-spacing and
XRD pattern close to the experimental observations (Table S2 & Figure S4), the XRD pattern of
ternary mixed termination multilayer (O/F/H) shows a (002) peak located around 11° and is
obviously deviated from experimental observation. Thus, this suggests that the formation of
uniform terminated Ti3Cz and high H-ratio in ternary mixed terminated Ti;C, T, surfaces upon HF
etching is shown to be unlikely. In addition, such small d-spacing is not favorable for hydrogen
diffusion into and subsequent hydrogen storage in the interlayers. Note that the experimentally
measured d-spacing varied according to several factors, such as the type of etchant (e.g., HF,
bifluoride-etchant), acid concentration, and the humidity of the sample (dry or wet). In this study,
we only considered experimental synthesized Ti3C, T, etched with HF with O/OH/F as the surface
termination group due to the formation of byproducts upon etching.

It is worth mentioning that, despite being energetically less favorable compared to the P-
octahedral Ti3CoF», the P-trigonal TisC2F» with a d-spacing of 9.6 A still exhibited a simulated
XRD pattern resembling the features of XRD pattern of the simulated P-octahedral and
experimental measurement (Figure S3). In addition, as found in our simulated XRD, the variation
of relative intensity in the range of 35-48° is likely to be attributed to the distinct distribution of
the surface terminating group. However, detailed insight into such information is generally
difficult to provide by experimental XRD characterization. Due to these ambiguities, XRD
characterization should be supported by other advanced experimental characterization techniques
(e.g. XANES, Raman, etc.) and should not be the sole method for the experimental characterization
of Ti3CoT,. On the other hand, from the theoretical model point of view, the construction of
multilayer Ti3C2 T, should be carefully carried out if the experimental d-spacing in XRD is the only
consideration in the model construction. Thus, with the supports of DFT calculations, this will
avoid creating less-stable structures or highly idealized model that would otherwise compromise

the reliability of Ti3C2Tx models.



O o0 9 N »n B~ W N

I e S S e T S T = T
O 0 3 O »n B~ W NN = O

(a) (b) Simulated XRD
Fard (002) —1 00240H128F0.48
(%3]
c (004) - \
= l ] M.I“I lhx | b o
.-LE.' (002) — 1 01.040Ho.48F0.a8
g (004) " (006) \
£ I l.““lil |l i I'H I ‘ PR
% (002) —1— 00240Hq.64F1.12
c ©04) o “
et
L= | \ nkml | i AW
= (002) —1 00.800Ho. 08F1.12
é» (004)  50) “
E I I h “ d L L mn

10 20 30 40 50 60 70 80

20 (degree)

Figure 2. (a) Side view of the ternary mixed O/OH/F-terminated multilayer bulk structure of
Ti3C.Tx and (b) From the top to the bottom, the simulated XRD of TizCoT: with different
stoichiometry etched with 5, and 48 wt. % HF.

Figure 3 shows the distribution of d-spacing and the interlayer spacing of TizCoTx
multilayer structures with different stoichiometry. To better understand the effect of surface
termination on the separation between the multilayer, here we define the interlayer separation as
the distance between the adjacent planes of the terminating O/F groups in Ti;C.T, multilayer
structures. The calculated interlayer separation is 2.43 + 0.07 A and is a reasonable range for the
diffusion and intercalation of atoms/molecules. Note that, for the 5 wt.% HF etched TizC,Tx (with
a F stoichiometry, » = 0.48), a smaller separation was observed for the surface with a relatively
higher OH ratio (Ti3C200.240H1.12F0.4s and T13C200.480H1.04F0.45). From our finding, this could be
due to the enhanced hydrogen bonding between the interlayer surfaces with the increased OH ratio.
When the HF concentration is increased (higher F ratio), surface with higher OH ratio would
exhibit a slightly smaller separation, but such difference became subtle due to the increased F

termination on the surface with an increased repulsion.
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Marquis et al. !

observed a similar difference in the interlayer separation between the
uniform F/O terminated and the uniform/binary mixed OH terminated bilayer TiCTx structure,
where F/O terminated bilayer structures demonstrated a larger separation compared to the
uniform/binary mixed OH terminated bilayer structure. They suggested that the separation is
affected by both the electrostatic repulsion and attraction between different terminating species. In
this study, we found a semi-empirical relationship between the O/OH/F ratio and the interlayer
separation (see equation in SI and Figure S5), suggesting that the interlayer separation can be
described as an empirical function of the terminating group stoichiometry. Interestingly, for each
HF concentration, an overestimation in empirical function prediction of the interlayer spacing
when the surface transitions towards a higher ratio of OH termination, again, implying that the
subtle interlayer interaction (e.g. hydrogen bonding) is important determining the structural
properties of the TizCoTx multilayer structure. From the optimized structures, we found that the
bond distances between the hydrogen of the hydroxyl groups and the F/O termination groups from
the adjacent layers are in the range of 1.5-2.1 A, suggesting the formation of hydrogen bonds
between these atoms might contribute to the interlayer binding that affect the d-spacing of
multilayer structures. In the following section (Section 3.3), we explore the nature of the interlayer

interaction by inspecting the adhesion energy.

10
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Figure 3. Distribution of d-spacing & the interlayer separation with varying T, stoichiometry. The
inset shows the interlayer separation defined in this study. From the left to the right, the Ti3CoTx
with different T, stoichiometry is found by etching with 5, 10, and 48 wt. % HF.

3.3 Adhesion energy

To study the energy required to separate the Ti3C2> T, from the multilayer bulk structure, we

calculated the adhesion energy, Eqq as !°

Eadh — (ZEmonolayer - Ebilayer)/ZA (1)

11
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where Epiiayer, and Emonolayer are respectively the total energy of the bilayer and the monolayer
considered in Ti3C, T, bulk multilayer structures, and 4 is the contact area. While d-spacing is a
statistically averaged value including the thickness of the Ti3C, T layers, the interlayer separation
is more relevant to the theoretical study of the intercalation of hydrogen or any atoms or molecules
and more importantly, directly affects the interlayer interaction. We have performed an analysis
and found a subtle relationship between the interlayer separation and the interfacial adhesion
energy in the Ti3CoTxmultilayers that affected by Tx stoichiometry and HF etching. Figure 4 shows
the correlation between the interlayer separation and the adhesion energy distribution of the
multilayer Ti3C, Ty bulk with different stoichiometry. It is shown that using weak acid (5 wt. %
HF) etched Ti3C,T, (i.e. large O:F ratio) in general produced multilayer structures exhibiting
stronger adhesion energy compared to that of strong acid (48 wt. % HF) etched Ti3C> T (i.e. small
O:F ratio). The average adhesion energies of the 5 wt.% HF etched multilayer TizCoTx(0.94 +£0.11
J/m?) are about 0.30 J/m? stronger than that of the 48 wt.% HF etched multilayer TizC2Tx (0.65 +
0.04 J/m?). Our calculation shows that an increase in the interlayer separation would lead to a
weaker adhesion energy. Intuitively, a larger separation would result in a weaker interaction
between the adjacent layers, thus, inducing a smaller adhesion energy. Intriguingly, this trend does
not hold for structures etched with 48 wt.% HF which has largest F content. When the interlayer
separation decreases, we observe a decrease in the adhesion energy instead of an enhanced
adhesion energy as observed for the case of 5 wt.% and 10 wt. % especially for OH-poor in Tx
stoichiometry. When the surface becomes F dominant (etched with 48 wt.% HF) with lesser OH
content, the electrostatic repulsion between adjacent F terminal groups becomes increasingly
dominant, especially when the interlayer separation is smaller. This, in turn, decreases the

interlayer interaction and the adhesion energy.

For uniform terminated multilayer structures, Ti3C2F2 demonstrated the weakest adhesion
energy (0.49 J/m?) while Ti3C20; and Ti3zC2OH, showed slightly stronger interactions (0.75 and
0.83 J/m?). The lowest adhesion energy is due to the strong repulsion between the interlayer F

adatoms !

? and the enhanced interlayer interaction between TizC,OH: is due to the substantial
hydrogen bonds in between the adjacent hydroxyl group. The observation in the uniform
terminated multilayer structures provides a simple explanation for the observed trend in Figure 4.
With a simple fitting formula based on the adhesion energies of uniform termination multilayer

Ti3C,Tx and the mixed Ty stoichiometry, we derived a semi-empirical formula to fit the calculated

12



O 0 9 N U s~ W N =

W NN N N N N N N N N e e e e e e e
S O 0 NN N kA WD O 0NN SN R WD = O

adhesion energy (see equation in SI and Figure S6). We notice that the fitting formula is generally
accurate, however tends to underestimate the adhesion energy of the surface etched with the least
acidic HF, i.e, surface with a large OH ratio. Note that the fitting formula did not include additional
energy interaction (e.g. hydrogen bond) among the Ti;C,T, layers. Such a trend can be explained
by the interlayer bond strength attributed to different terminal groups (O/OH/F/H) which will be
discussed in the following section (Section 3.4).

In a recent adhesion and friction study of MXene, Li et al. 3*

performed the first
experimental research on MXene interlayer interactions using atomic force microscopy (AFM)
probe coated with Ti3C, T, and found a strong adhesion energy between the Ti3Co Ty interface with

1. 3% employing a

a measured adhesion energy of ~1.23 J/m?. In a later study conducted by Luo et a
slightly different AFM probe geometry, they measured the adhesion energy to be 0.404 + 0.012
J/m2. The discrepancy could be attributed to the distinct probe coating methods and the probe
geometries employed in the studies 3°. Nevertheless, our calculated average adhesion energy, 0.77
+0.15 J/m?is consistent within the range of experimentally measured value (~0.39 — 1.23 J/m?) 3%
35 and slightly larger than other 2D materials such as graphene (0.328 + 0.028 J/m?), hBN (0.326
+ 0.026 J/m?) and MoS; (0.482 + 0.032 J/m?) 3. Complementary to ternary mixed O/OH/F
terminated structures, we also calculated the adhesive energies of several quaternary mixed
F/O/OH/H multilayer Ti;C,T, structures (Table S3) where the adhesion energies are comparable
to that of the ternary mixed O/OH/F mixed terminated multilayer Ti;C,T, structures. If, however,
when considering the ternary mixed O/F/H terminated surface (i.e. Qo.24F043Hi28 in Table S3), a
significantly larger adhesion energy is obtained (1.1 J/m?) compared to the calculated average
energy value of 0.77 + 0.15 J/m?. Note that, a uniform H-terminated Ti3;C, multilayer also
demonstrated a profoundly large (3.4 J/m?) in adhesion energy. Judging from the comparable Ti-
H bond length (~1.9 A) and the strong adhesion energy, we speculate that such interaction is similar
to the Ti-H bonding (1.21 eV) found in titanium hydride TiH> bulk. Hence, we calculated and
compared the COHP (see Section 3.4 for details) of these two structures and confirmed our
speculation. Thus, in addition to the discrepancy found in d-spacing (Table S2) and XRD analysis,

from the calculated adhesion energy, we can safety exclude the possibility of the formation of

Ti3C2Hz and high H-ratio in mixed terminated multilayer Ti;C, T, structures upon HF etching.

13
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Figure 4. Distribution of interlayer separation and adhesion energy with varying T, stoichiometry.
From the left to the right, the TizCoT, with different T, stoichiometry is found by etching with 5,
10, and 48 wt. % HF.

3.4 Electronic properties and COHP

To study the electronic properties and the bonding feature of multilayer TizC,Tx, we
calculated the band structure, density of states, and the -COHP around the Fermi level (Figure 5).
The uniform terminated (Figure S7) and mixed terminated multilayer Ti3CoT, exhibit metallic
characteristics, similar to those of monolayer TisC>T, (Figure S8)!% 37, In general, the structures
with different T, stoichiometry all showed similar metallic-like in electronic structures and
properties. For the conciseness and clarity of discussion, we only included one of the Ti3CoTx
multilayer structures (Tx= O0240H;1.28F0.48) in Figure 5. The inset in the eDOS in Figure 5 shows
the presence of H, F, and O finite electronic states near the Fermi level. To further study the
bonding characteristics of these elemental orbitals, we take the average -COHP of the adjacent
layer of H-O and H-F pairs and plotted the -COHP. It is interesting to see that these atomic pairs
show bonding characteristics around the Fermi level, suggesting hydrogen bonding interaction of

H-O and H-F between the multilayers.

Figure 6 (a) and (b) show the charge density difference of multilayer TizCoTx. There is a
significant charge accumulation between the O-H and F-H pair from the adjacent layer, suggesting

substantial interlayer interaction, such as hydrogen bonds are possibly formed between these
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functional groups. As a result, larger adhesion energy is required to separate the layers (i.e. T =
00.240H1 28F0.48 in Figure 4) apart. Since, intuitively, a lower HF concentration would result in a
lower probability for F to terminate on the surface, in turn, increase the relative OH ratio on the
surface, we would see a large amount of hydrogen bond formed in between the adjacent layer
which is reflected by the increased adhesion energy as shown in Figure 4. In addition to the
hydrogen bonds formed between the O-H pair, it is also possible for the F-H pair between the
adjacent layer to form hydrogen bonds with comparable strength as shown in the charge density
difference plot (Figure 6 (a) and (b)). Hence for T, with large O:F ratio (e.g. O024OH;1.28F0.4s), the
OH-terminating group is responsible for the overall increase of adhesion energy as a large surface

OH ratio maximizes the possibility of hydrogen bond formation.

<>
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o9 — ———— T
=—
§ 0.0 | [T =
g =
(=
11}
-0.8
=F
— o bonding
-1.6F : 6 8 10 12 14 antibonding
= | = - —_— -
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eDOS (states/eV) -COHP

Figure 5. Electronic band structure (left), electronic density of states (center) and -pCOHP (right)
of multilayer Ti3CoTx. (Tx = 00240H1.28F0.45). The multilayer Ti3C,T, shows metallic features. The
adjacent layers of H-O and H-F pairs are the atomic pairs selected for the -pCOHP plot.

To quantitatively study the bond strength, we further calculated the COHP between
different atomic pairs and summarized the integrated COHP in Figure 6 (c). In analogy to the
eDOS where the energy integration of eDOS up to Er results in the number of valence electrons,
the energy integration of all COHP for a pair of atoms up to £r (ICOHP) yields the bond strength
2730 TIntuitively, the bond strength is a function of the atom pair distances which decreases with
increased pair distance. In addition, in Figure 6 (c), we found that the H-F and H-O pair from
different layers both demonstrated a bond strength of 0.93-1.2 eV, which is comparable to a typical
hydrogen bond strength %, consistent with the charge density difference observed in Figure 6 (a),
(b) and further confirming the significant formation of hydrogen bonds between these terminating

atoms. Thus, in theory, a strong acid etched Ti3C>T: might be easier to exfoliate owing to the
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slightly weaker adhesion energy (Figure 4) because of fewer hydrogen bonding present in between
the adjacent layers. In contrast, the weaker adhesion energies of multilayer TizC,T, etched with
stronger HF are reflected in the relatively smaller bond strengths of F-F, O-O and F-O pairs (~0.01-
0.20 eV) as shown in Figure 6 (c). Interestingly, for the 5 wt.% HF etched Ti3C.T, (with a F
stoichiometry, » = 0.48, Figure 3), a slightly larger separation was observed for the surface with a
relatively higher O ratio (Ti3C200.720Ho.s0F0.4¢ and Ti3C201.040Ho.48F0.48 in Figure 3), is possibly
due to more F-O/O-O pairs present in the interlayer surfaces. Thus, this suggests that for the
hydrogen stored or diffused into interlayer of Ti3C>Tx, the subtle influence of hydrogen bonds and
the interactions among the surface O/OH/F termination groups between the adjacent layers in

Ti3C2Tx multilayers cannot be ignored.

(a) (c) -ICOHP vs. distance
4 ®
1,2 ® O‘? [ H‘O
2 ho & EF
1.0 . O’to » F-F
< o0 ~ 00
>0.38 Y s v F-O
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(b) S ‘s 0-0
' 0.4 o ®e (o e]
: .
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Figure 6. The charge density difference interlayer of multilayer TisC,T, with (a) Ty =
00.240H1 28F0.48 (etched with 5 wt. % HF) and (b) Tx = O0.240Ho.64F1.12 (etched with 48 wt. % HF)
with isovalue 0.002 e/A3. Yellow and blue regions highlighted in the dashed red box represent
charge accumulation and depletion respectively. (¢) The -ICOHP distribution as a function of pair
distance. Inset shows the atomic pairs considered for the ICOHP calculation. Color code: Blue-Ti,

Red-O, Pink-H, Purple-F.
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3.5 Effect of water and hydrogen on the structural properties

It is known that the humidity of the Ti3C,Tx sample can affect the XRD spectra !> 4. To
investigate the effect of water molecules on the d-spacing, we constructed a wet multilayer TizCoTx
model with H,O molecules intercalated in between the interlayer spacing. Here, we considered the
stoichiometry T, = O0240H128F04s intercalated with 1 (Ti3C.T,-H20) and 2 layers of water
(Ti3CoTx-2H20). Figure 7 (a), and (b) show the optimized structure of the wet multilayer TizCoTx
with different amounts of H>O and the high H-ratio in ternary mixed O/F/H Ti3C2Tx with the focus
on interlayer separation. From DFT results, the calculated d-spacing is proportional to the amount
of water molecules present in the interlayer where the d-spacing increases from 12.5 (Ti3C.T,-H20)
to 14.6 A (Ti3C,T,-2H,0), and is consistent with reported theoretical and experimentally observed
values !> %39 within the range of ~12.5-14.8 A. The predicted d-spacing suggested that the
intercalated H>O behaved in a nanoconfined-like water structure as opposed to that of bulk water

1. 3% on the water/Ti3C>0O; interfacial interaction, they found

molecules. In a recent study by Wu et a
that water would attack the basal plane of the uniformly terminated MXene surface as initiated by
the water adsorption, affecting the overall structural stability of TizC20>. In addition, increasing
surface OH termination on Ti3C202 would render the surface less susceptible to water attack. In
our DFT study, we did not observe strong water adsorption but instead found spontaneous
deprotonation of the water molecules and the subsequent formation of OH bonds on the readily O-
functionalized surface. A slight increase in the deprotonation rate was observed (from 1% to 3%)
when 2 layers of water molecules were present compared to that of single-layer water in Ti;C,T,
multilayers. Overall, the structural integrity was preserved with even two layers of H>O. This
suggests that ternary O/OH/F mixed terminated Ti3C2 T, surfaces exhibit higher resistance against
the water attack, relative to the reported Ti3C202 *. In terms of the bonding properties, our COHP
(Table S4) and charge density difference calculation (Figure 8) also show that strong hydrogen
bonds were found between the terminated hydroxyl group and the O from the water, and the

hydroxyl group from the water with the terminated O and F adatom, similar to the dry structures

aforementioned (Section 3.4).
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Figure 7. Side view of the optimized multilayer Ti;C,T, bulk intercalated with H>O molecules (a)
T13C2Tx00.240H1.28F0.48-H20, (b) Ti3C2Tx00.240H1 28F0.48-2H20 and (¢) Ti3C2TxOo.24F0.48H1 2s.

As opposed to the increase of the d-spacing with the intercalated H>O, a significant
shrinkage of the d-spacing (Table S2) was observed when the multilayer Ti3C,T, surface was
terminated with a high ratio of hydrogen adatom. Here, we consider a uniform H-terminated
surface and a ternary O/F/H-terminated surface (i.e. T,= Og.4F4sH;2s) to study the bond strength
employing COHP. Both the bond length and the COHP calculation show that the interaction
between the Ti-H pair from the adjacent layer is comparable to the bulk titanium hydride (Table
S4), TiH,, which explains the significantly smaller d-spacing (Table S2) due to the strong Ti-H
interaction, and as a result, attracting the adjacent layers close to each other with larger adhesion
energy (Eqan = 1.09 J/m? in Table S3). Interestingly, in addition to the Ti-H bond, we also observed
strong Ti-O and Ti-F bonding in the ternary O/F/H-terminated multilayer Ti;CT: (T, =
0024F04sH1 25) which is comparable to the bulk titanium fluoride, TiF3, and titanium oxide, TiO»
respectively (Table S4). These interactions are responsible for the larger adhesion energy and the
significantly smaller d-spacing compared to the uniform or ternary F-/O-/OH-terminated Ti3C2T..
Note that, such small d-spacing (~7.4-7.9 A) was not found in the experimental synthesized
multilayer Ti3CoTx. Thus, from our DFT calculation, it can be concluded that the experimentally

synthesized multilayer Ti3C,Tr would have minimal H-termination.
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(b)

Figure 8. Charge density difference of (a) Ti3C> T H20 and (b) Ti3C2TOo.24F0.48H1.28. Yellow and
blue regions highlighted in the dashed red box represent charge accumulation and depletion

respectively with isovalue of 0.004 e/A3 and color code: Blue-Ti, Red-O, Pink-H, Purple-H.

4. CONCLUSION

We have carried out a systematic study on the structural and electronic properties of the
multilayer Ti3CoTx MXene considering various T, stoichiometry that representing different HF
concentrations (5, 10 and 48 wt. % HF) as the etchant in synthesis. The calculated average d-
spacing (9.60 + 0.07 A) and the simulated XRD spectra are consistent with the reported
experimental findings'® 1517 3, The calculated d-spacing and powder XRD spectra analysis
suggested that the formation of uniform termination, particularly H-termination is unlikely due to
a notably smaller d-spacing compared to experimental measurements. Even with a mixed
termination, a high ratio of surface H-termination would result in a significant shrinkage of the d-
spacing because of the formation of strong ionic Ti-H bonds between the interlayers. Thus, for the
uniform H-termination and high H-ratio in mixed terminated Ti;C,T, multilayers, this suggests
that a significant decrease in d-spacing is not favorable for the diffusion of atoms or molecules
into the interlayers.

From our finding, the interlayer separation is essentially governed by the surface
termination group, especially when OH species is dominant on the surface. In terms of adhesion
energy, the calculated adhesion energy shows that multilayer Ti3C,T, etched with weak acidic HF

demonstrated an enhanced interlayer interaction compared to that of strong acidic HF, due to the
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increased OH and decreased F ratio on the surface. The average adhesion exergy of O/OH/F-
ternary mixed TisC,Tx multilayers is predicted to be 0.77 + 0.15 J/m? and is comparable to the
reported experimental measurements (~0.39 — 1.23 J/m?) 3 3. Similar to the d-spacing, the
calculated adhesion energy of Ti3C2Hz and dominantly high H-content in ternary or quaternary
mixed termination of Ti3C>T, multilayers is inconsistent with experimental observations, which
further confirmed that the presence of uniform H-termination of Ti3Cz or dominantly high H-
content in ternary or quaternary mixed termination of TizC,T, multilayers is unlikely.

In the current study, we found that the electronic density of states of all multilayer TizCoTx
are similar to those of metallic Ti3C2Tx monolayers [Ref18]. The uniform terminated and mixed
terminated multilayer Ti3C.T, exhibit metallic characteristics, similar to those of monolayer
Ti3C, Ty and which predicted in Ref[18]. Besides, the COHP calculation proved that the increased
interaction between the weak HF (5 wt. % HF) etched Ti3CoT, multilayer is attributed to the
enhanced hydrogen bonding nature between the H atoms of the hydroxyl group and the adjacent
F/O termination group. Thus, theoretically, using a stronger HF as an etchant would produce
multilayer Ti3CoTy with a lesser OH terminating group, resulting in the minimization of the
hydrogen bonding between the interlayers and easier to exfoliate. We have also studied the wet
multilayer Ti3C, T, by intercalating up to two layers of water between the interlayer and found that
the d-spacing is also consistent with theoretical and experimental values (12.5 — 14.6 A) 131439,
Interestingly, according to DFT calculations, unlike bulk water molecules, the nanoconfined water
molecules are restricted on a 2D plane, which could provide an interesting avenue to explore in
future novel materials applications. Meanwhile, although current experimental studies showed that
the TizCoTx surfaces are mixed terminated, there have been efforts to produce MXenes with
uniform termination *°, We believe that our current findings offer fundamental insight into this
endeavor in addition to providing a design pathway for the synthesis of monolayer Ti3C,T,. From
the theoretical simulation point of view, the multilayer Ti3C, T, structure motifs constructed in this
study have been proven to be a valid model and could serve as a more complicated yet realistic

next-generation model for future simulation of multilayer Ti3C>T. MXene in various applications.
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