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Abstract
First-principles calculations based on the density functional theory are performed to investigate
the formation of titania/MXene composites taking (Ti0,)s/M,C (M = Ti, Zr, Hf, V, Nb, Ta, Cr,

Mo, and W) as a case of study. The present systematic analysis confirms a favorable, high

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

exothermic interaction, which promotes important structural reconstructions of the (TiO,)s

cluster along with a charge transfer from the MXene to titania. MXenes composed of &
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transition metals promote the strongest interaction, deformation energy, and charge transfer,

(cc)

followed by d* and d&® M,C MXenes. We provide evidence that the formation of these
(TiO,)s/M,C composites is governed by charge transfer, leading to scaling relations. Using the
metal composing MXene electronegativity and the MXene d-band center, we also establish
linear correlations that can be used to predict the interaction strength of (TiO,)s/M,C
composites just from the knowledge of the MXene composition. It is likely that the present
trends hold for other TiO,/MXene composites.

T Electronic supplementary information (ESI) available: Tables S1-S12 and Fig. S1-S2. See DOI:
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1. Introduction DOI: 10.1039/D4CPO1757A

During the last decades, the relationship between semiconducting transition metal oxides
(TMOs) and photocatalysis has been a focus of high interest in the scientific community,
especially since the seminal paper published by Fujishima and Honda in 1972.! Shortly, a
photon of appropriate energy, ideally from sunlight, can be used to activate a catalyst
generating electron-hole pairs to drive redox reactions.>® This solar-to-chemical energy
transformation induced by semiconducting materials is the basis of the so-called heterogeneous
photocatalysis which plays an important role in a broad range of applications including
microorganism inactivation, degradation of pollutants, water splitting, or CO, photoreduction
among others.*7 Different semiconducting materials such as WOs, ZnO, and TiO, have been
investigated as suited photocatalysts, with the latter being the most broadly studied candidate.®
"' However, the full potential of this technology is still limited because of the too wide band
gap of these materials— 3.0-3.2 eV in the case of TiO,— and fast electron-hole recombination.
These drawbacks seriously limit the activation of the semiconductor under sunlight and
promote low photoactivity.!>14

One proven strategy to enhance the photoactivity of a semiconductor is to integrate a
new component. This is expected to facilitate charge carriers’ separation by forming an
interface with the semiconducting photocatalyst. Also, the new component can participate as
an active site for the surface reaction. Experimental and computational studies have proposed
both metals (Pt, Pd, Ru, Ag, and Au)'>-!° and nonmetals (C and N)'°->2 as new constituents to
anchor over or dope nanostructured TiO, materials. The resulting systems show a relative
photocatalytic activity improvement due to the longer charge carrier lifetimes. In this quest for
robust photocatalysts with superior charge carrier separation, low dimensional carbides and/or
nitrides (called MXenes)?* appear as suitable candidates to generate hybrid catalysts together
with TMOs to overcome the aforementioned limitations.?*

MXenes exhibit a M, X, T, general chemical formula where M stands for early
transition metals, X corresponds to carbon and/or nitrogen elements, and T, represents the
terminal groups of MXene (i.e., OH, H, O, or F) derived from the top-down synthesis taking
MAX phases as a precursor. Finally, n denotes the thickness of MXene in terms of atomic
layers and runs from 1 to 3. MXenes have shown to be versatile materials in a broad landscape
of applications, including catalysis.?>-?82930 In the realm of photocatalysis, a series of
photoactive MXene-based compounds have been proposed as promising photocatalysts for

efficient CO, reduction, and H, generation through water splitting.?431-33
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Concerning TiO,/MXene composites, several experimental studies have beengepertéd 3 oo s
3738 These studies show that the use of MXene as co-catalysts could improve the photocatalytic
activity compared to the use of isolated semiconductors as titania. One important aspect of such
improvement resides in the interface contact type between both cocatalysts. A Schottky barrier
is formed at the interface preventing somehow the diffusing back of the electrons, thus,

preventing charge recombination of photogenerated electrons.

Instead of these reports, the interfacial structure and electronic properties of these
composites remain largely unknown. Thus, theoretical analyses are necessary to identify and
rationalize the structural and electronic aspects that could contribute to the enhancement of
catalytic performance,® prior further theoretical studies regarding their reactivity in
heterogeneous or photocatalytic reactions on these systems can be undertaken. Using extended
periodic models, Xu and coauthors investigated the interfacial properties of Ti,.1C,T,/TiO, (n
= 1,2) heterostructures including O, OH, and F as T, termination, and selected the (101) surface
to represent the slab model of anatase Ti0,.4’ This study revealed the strong dependence of the
interfacial interaction and properties of the TiO,/MXene heterostructures on the surface
composition of the MXene. One step further was recently carried out by us investigating the
Ti0,/MXene composites but considering nanostructured TiO, systems, (Ti0;)s and (TiO;);
clusters, supported on bare Ti,C surface.*! A remarkable exothermic interaction was reported

coupled to a notorious deformation of the adsorbed titania clusters and accompanied by a

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

substantial charge transfer from the MXene towards the TiO, clusters. Nevertheless, all the

heterostructures described so far, both theoretically and experimentally, involved only Ti-based
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MXenes as substrate and a comprehensive study comparing the effect of other transition metals
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composing MXenes on the supported TiO, cluster is missing. Thus, we focus here on a
systematic computational analysis to gain further knowledge of the effects of MXene
composition on structural and electronic properties of TiO,/MXene composites. To this end,
we select bare M,C (0001) MXenes (M= Ti, Zr, Hf, V, Nb, Ta, Cr, Mo, and W) as the substrate
to support a (TiO,)s cluster.

2. Computational Details

The influence of MXene composition when forming TiO,/MXene composites was investigated
by considering extended M,C (M = Ti, Zr, Hf, V, Nb, Ta, Cr, Mo, and W) MXene slabs
exposing the (0001) surface with ABC stacking as depicted in Fig. 1. From a synthetic point

of view, MXenes are generated using a top-down procedure using MAX phases as precursors.
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separate the generated MXenes exposing the basal (0001) surface. The (TiO,)s titania cluster
was selected as a representative example to study the interaction with the different MXene
surfaces. The (TiO,)s cluster is chosen as it provides a good representative model for
experimental composites and a suitable theoretical case to study the chemical bonding in these
systems This selection is based on previous work on the (TiO;)s/Ti,C composite*! which
constitutes an appropriate guide to compare both studies. The atomic structure of the gas phase
(Ti0O,)s cluster used as reference was obtained by global optimization methods and exhibits the
lowest energy in the potential energy surface (PES), see Fig. 1.4>%3 An efficient analysis of the
interacting landscape was carried out by generating different conformations by rotating the
(TiO,)s nanocluster over the M,C (0001) MXene surfaces. This screening procedure where a
rotational angle « covers a 140° range with a step of 10° and guarantees a thorough assessment
of PES attending to the inherent hexagonal symmetry exposed by the MXene slab models.
Further details are described in Ref 41.

The structural, electronic, and bonding properties of the (Ti0,)s/M,C composites were
investigated using periodic density functional theory (DFT) based calculations as implemented
in the Vienna ab Initio simulation package (VASP).#4* Here, the Kohn-Sham equations are
numerically solved using a plane wave basis set to expand the valence electron density with a
kinetic energy cut-off of 415 eV. To account for the interaction between the core and valence
electron density, the projector augmented wave (PAW) method was employed.*® The
generalized gradient approximation (GGA) Perdew-Burke-Ernzerhof (PBE) exchange
correlation density functional was selected to pursue the geometry optimizations.*” PBE stands
out as a widely recognized and broadly used DFT functional in computational materials science
for its ability to accurately depict metallic systems, so it effectively characterizes the structural
parameters of MXenes. To properly study the (Ti0O,)s/M,C composites, a p(5x5) M,C MXene
supercell was selected as it is sufficiently large to minimize the lateral interactions between the
periodically repeated titania clusters. A vacuum space of 18 A along the direction normal to
the MXene (0001) surface was included to prevent artificial electrostatic interactions between
interleaved composite replicas. Given the rather large size of this supercell, calculations were
carried out at T' k-point only.*® The convergence threshold for the electronic self-consistent
field (SCF) calculations was established at 10~ eV, and the structural optimization was reached

when atomic forces were below 102 eV/A.
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First, we analyzed the thermodynamic stability of the (TiO,)s/M,C (M = Ti, Zt, Hf V.56 000x

Nb, Ta, Cr, Mo, and W) composites based on the adsorption energy, E,4. This provides a
measure of the exothermicity arising from supporting the (TiO,)s cluster over the MXene
(0001) surface, and is defined as;

Eadas = E(Tio,)s/M.c — EMac — E(Tioy)s (1),
where E(1io,)s/M,c» Em,c, and E(rio,), correspond to the total energies of the (TiO,)s/M,C
composite, the bare (0001) M,C MXene, and the gas phase (TiO,)s cluster, respectively.
Accordingly, (Ti0,)s/M,C composite is thermodynamically stable when E,45 < 0. Dispersion
corrections were not considered because the interaction is clearly dominated by much stronger
chemical interactions, as already discussed*' and also commented on later.

The composite formation induces a deformation of its (0001) M,C MXene and (TiO;)s
cluster components relative to their isolated configurations, this energy cost is compensated by
the interaction strength, leading to the adsorption process. Therefore, one can define the

deformation energy, Eq.s, of either M,C or (Ti0,)s, and adhesion energy, E.q, all defined as;

Egef ) = EY — Ex (),
Eadnh = Eads — Edef(Tio,) — Edef (Ti,0) 3),

where Ey’ stands for the energy of the adsorbed geometry of X = M,C or (TiO,)s systems, and
Ex represents the energy of the isolated components, as defined in Eq. 1. The EY’ term is
obtained from a single-point (sp) calculation at the geometry at the adsorbed conformation
removing the other component. On one hand, the E4.qx) describes the energy required to deform
any of the involved systems from its optimal structure, while, on the other hand, E,4, quantifies
the interaction strength between the deformed fragments, bonded in a lock-key fashion. The
more negative E,q, 1s, the stronger the interaction.

Furthermore, a topological analysis of the electron density was carried out based on the
quantum theory of atoms-in-molecules proposed by Bader,* using the VASP-linked code
developed by Henkelman et al.° The charge transfer analysis was carried out by quantifying
the total number of electrons in each structure in its gas phase and composite conformations.
Furthermore, the charge density difference (CDD), and its plane-averaged (PA-CDD)
counterpart along the normal direction were also computed, as;

Ap = P(Ti0,)s/M,C — PM,C — P(TiO)s 4),
where Ap corresponds to the CDD while, p(tio,)./m,c»> Pm,c> a0d p(Tio,), represent the charge

density of (T10;)s/M,C, M,C, and (T10,)s, respectively. The analysis of the chemical bond via
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CCD and PA-CCD provides an eye-catching view of the electron transfer betweensthe' oo rn
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components constituting the titania/MXene composites. The command-line VASPKIT
program’' was employed to determine the work function, @, for bare M,C MXenes, which
involves subtracting the Fermi energy value, Ef, from the electrostatic average potential energy

in the vacuum.

3. Results and Discussion

We start this section by discussing in detail the trends of energetic features, i.e., adsorption,
adhesion, and deformation energies. Next, we continue with the rationalization of these
properties based on the chemical bonding analysis as the charge transfer, the CCD and PA-
CDD. Finally, we will propose useful scaling relations allowing one to establish the structural

and bonding properties that govern the formation of titania/MXene composites.

3.1. Energetic Stability of (TiO3)s/M,C Composites

The exploration of the potential energy surface (PES) of (Ti0,)s/M,C systems is carried out by
computing the interaction energy, this is, the E,4, between (T10;)s nanocluster over the p(5x5)
M,C (M =Ti, V, Cr, Zr, Nb, Mo, Hf, Ta, and W) MXene supercell (cf. Fig. 1). This interacting
process is systematically simulated by rotating the (Ti0,)s nanocluster over each M,C (0001)
surface by varying the rotational angle as mentioned above, following a previous scheme
recently employed in the analysis of (TiO,),/Ti,C (n =5 and 10) and titania/titania
interfaces.*!> Due to the hexagonal symmetry of the MXene, analogous interacting
conformations are expected to find out by shifting the titania cluster in the xy plane. See the
Electronic Supplementary Information (ESIt) for further details.

Table 1 compiles the computed energy values defined by Eqs. 1-3 for the most stable
configuration of each (TiO,)s/M,C composite. To avoid misunderstanding, we focus initially
on the most stable configurations taking the most exothermic cases (i.e., largest E,4) for each
composite (cf. Table 1). The complete analysis for all plausible conformations in each MXene
surface is listed in Tables S1-S9 of the ESIt. First, £ 4 indicates an exothermic interaction
ranging from -10.12 to -16.99 eV. The composition of MXene surface promotes different
adsorption energies. Indeed, the formation of (TiO,)s/M,C composites is the most exothermic
over MXene surface involving d? transition metals (M = Ti, Zr, and Hf) with E,4 values of -
16.76, -16.78. and -16.99 eV, respectively. On the other hand, we find out MXene surfaces

composed of @ transition metals (M = Cr, Mo, and W) expose the lowest, yet quite large,
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exothermicity with E,qs values of -12.59, -10.12, and -10.37 eV, respectively. Einally,sthess Jios
MXenes composed of d* transition metals (M = V, Nb, and Ta) present E,q values with
energies between both extremes with values of -13.47, -13.08, and -14.11 eV, respectively.
Attending to the location of the transition metal in the Periodic Table, one can capture some
trends in E,q4s. In turn, the adsorption energy becomes less favorable when moving through the
period. This indicates that the MXene surface reduces its reactivity with the titania cluster as
the number of d electrons increases. This is consistent with the trends reported when M,C
MXenes are used as template generating single-atom catalysts (SACs).>3

The E.q, follows a similar trend to E,q4, see Table 1, running from -17.62 to -37.06 eV.
Again, the most reactive MXenes are those involving d* metals with the largest E,q, followed
by d* and d° metal ones. In turn, this adhesion energy is directly related to the deformation
energy (Eqer) of the (TiO,)s cluster and the M,C (0001) surface that takes place during the
formation of titania/MXene composites as listed in Table 1. Here, one can readily see that the
formation of (Ti0,)s/M,C composites affects in a different way to the structural framework of
each constituent. Starting with the M,C (0001) MXene surface, its Eqris relatively low and
ranges values between 2.21 and 0.71 eV only. On the other hand, one can see that this Eg.ris
significantly larger for the (Ti0;)s nanocluster with values encompassing values between 5.49
and 19.18 eV. Clearly, the (TiO;)s cluster always shows the largest deformation when a

composite system is formed. Indeed, a quite linear trend emerges (R= 0.78) when plotting 4

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

versus Eqr (TiO,)s as depicted in Fig. 2. Here, three different regions are delimited: (7) high

Eq4r and E,q; (ii) intermediate Eger and E,q; and (iii) low Eger and E,g, corresponding to

Open Access Article. Published on 22 2024. Downloaded on 28-07-2024 00:23:10.

titania/MXene composites where MXene (0001) surface is composed of d°, d*, and @ transition

metal. In short, the formation of titania/MXene composites induces a large reconstruction of

(cc)

the titania cluster.

From the structural point of view, the fully relaxed geometries of the most exothermic
configurations of each composite before and after adsorption are presented in Figs. 1 and 3,
respectively. Fig. 3 clearly and consistently shows a deformation of titania clusters upon
adsorption over M,C (0001) surfaces, in agreement with the above analyzed deformation
energies. In fact, titania clusters are adsorbed in equivalent positions over M,C composed of
d® and d* metals according to the inherent hexagonal symmetry of M,C (0001) surfaces and
seem to follow the ABC MXene stacking. Despite titania clusters being adsorbed in different
positions over M,C involving d°> metals, all titania clusters, regardless of the M,C metal
composition, present O atoms in contact with the M,C surfaces occupying the high-symmetry

adsorption sites (mainly hollow ones) upon adsorption. Indeed, some O atoms change plane in
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the cluster to maximize the number of contacts between the cluster and the surfaces and ogeHp§ o6 ex
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the mentioned sites. Further structural analysis concerning atomic distances and angles are
reported in Fig. S1 of the ESIf. The initial geometry found in the gas phase configuration of
the (T10,)s cluster is lost when it is anchored on the MXene support.

3.2. Chemical Bonding Analysis of (TiO3)syM,C Composites

To gain further insight into the formation of titania/MXene composites depicted in Fig. 3, we
conduct a topological analysis of the electron density to obtain Bader charges, and analyze
CDD and PA-CDD plots, to investigate electron transfer between the components. Table 1
compiles AQ of the supported (TiO;)s cluster resulting from Bader analysis. These data
correspond to the most stable configuration for each MXene, while data for other
configurations are reported in the ESIf. The AQ values in Table 1 represent the difference
between the net charge on the titania nanocluster before and after adsorption. Since the isolated
titania cluster is neutral, a negative AQ means the electron accumulation on the supported
titania nanocluster. Thus, AQ < 0 implies an electron density excess on the supported cluster
resulting from electron transfer from the M,C (0001) MXene surface towards (TiO,)s cluster.
This electron excess is likely to promote the activation of the supported particle although
further work involving the study of the reactivity of the supported cluster is required to confirm
this hypothesis. The electron density flow towards the titania cluster is systematically observed
in all possible configurations regardless of the MXene composition, see Tables S1-S9 in the
ESIT. AQ runs between -2.04 and -6.62 e and follows a similar trend as observed in E,qs,
confirming that a large adsorption energy is coupled with a large charge transfer, as shown in
Fig. 4. The electron density accumulation at or near the (TiO,)s cluster is accompanied by
electron density depletion at the MXene surface. Usually, the excess electron density of an
adsorbate results in structural changes. The case of the CO, molecule interacting with MXenes
is a clear example as the electron transfer towards CO, promotes a considerable bending of the
adsorbed molecule.>*>° To explore this effect in more detail, Fig. 5 plots Eger (TiO5)s vs. AQ of
the supported titania cluster. This plot exhibits a quite clear linear trend (R = 0.91) that the
charge transfer is the driving force that promotes the titania cluster deformation.

In addition, the CDD and the PA-CDD plots along the surface normal direction are
presented in Fig. 6 for the most favorable composites (see Table 1 and Fig. 3). These plots
complement the Bader analysis since provide a visualization of the charge rearrangement

induced by the formation of the composites. In all cases, a depletion of charge density is
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observed at the MXene M atoms and accumulation, at the Ti atoms from (TiQp)s, clusters oo emn
consistent with previous work.*! The inset CDD plots in Fig. 6 show a clear redistribution of
the electron density in the interface region. Altogether, both plots demonstrate that the electron
density is mainly depleted in the MXene while it mainly accumulates in the (T10,)s cluster, in
agreement with Bader charges. The strong charge transfer from MXene towards the (TiO;)s
cluster implies a high contribution of ionic bonding, however, the DOS projected per atomic
orbital from Fig. S2 in the ESI{ shows also a large mixing of orbitals, in this case, typical of a
covalent bond. These two facts allow us to conclude that the chemical bond can be described
as a mixture of covalent and ionic bonding. Furthermore, this electron transfer from the M,C
MXene to (Ti0,)s clusters could generate a build-in electric field near the interface that can be
beneficial in photocatalytic applications acting as a separator of charge carriers.>

Further analysis is performed through the investigation of the work function, @, of each
M,C MXene. One would, in general, expect that the lower the @, the easier the electron
donation to the adsorbed titania cluster. Looking at the results reported in Table 1, the MXenes
with the lowest @ correspond to those composed of @ transition metals followed by d* and d®
ones. Indeed, the emerging trends when plotting E,4s or Egr (Ti0;)5 versus @ (cf- Figs. 7a,b)
are analogous to those in Figs. 4 and 5. This is also consistent with the plot of @ versus AQ in
Fig. 7c indicating that, as expected, the electron transfer increased when @ decreased, indeed

with a relatively high regression coefficient, R, of 0.83.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.
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The main structural differences of these composites reside in the metal of the MXene. Hence,
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it is logical to investigate descriptors characteristic of transition metals such as the metal atom
electronegativity, yu, and the d-band center, &4, of the metal in the MXene structure.’’ In
particular, we focus on whether these descriptors would help tentatively predict the E,4 and
the Eqer (T1i0;)5 of a given M,C MXene. Fig. 8 shows clear linear correlations associated with
the most favorable (Ti0;)s/M,C composites listed in Table 1. Starting with the y,, descriptor
(cf. Figs. 8 a,b), the adsorption energy increases as y,; decreases. Thus, MXenes involving d°
transition metal interact stronger with (TiO,)s cluster than those MXene composed of d* or &°
metal. This is consistent with the large E4.r (TiO,)s observed in MXene composed of d° metals.
Shortly, we can conclude that (TiO,)s/M,C composites involving transition metals with a
relatively low y,, will exhibit a large exothermic interaction between the two constituents and

a large structural modification on the (TiO,)s nanoclusters.


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4cp01757a

Open Access Article. Published on 22 2024. Downloaded on 28-07-2024 00:23:10.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Physical Chemistry Chemical Physics

The trends corresponding to the second analyzed descriptor, &4, are depicted, in Figs, 8"
c,d which also exhibit a reasonable linear trend. In general, MXenes involving a transition
metal with a high &, lead to large exothermic adsorption energy and large deformation energy
on (TiO,)s nanoclusters. Based on the aforementioned analysis, y; and €4 can be considered
feasible descriptors to predict the formation of titania/MXene composites based on the MXene

composition.

4. Conclusions

The formation of titania/MXene composites obtained by supporting a (TiO;)s cluster on the
basal surface of M,C MXenes with M = Ti, Zr, Hf, V, Nb, Ta, Cr, Mo, and W, has been
investigated by means of periodic DFT based calculation on appropriate supercells. The present
results systematically show a highly exothermic adsorption energy. The MXenes involving a3
metals (Ti, Zr, Hf) expose the largest interaction followed by d* (V, Nb, Ta) and &> (Cr, Mo,
and W) metals. The composite formation involved an important change in the atomic structure
of the supported (Ti0O,)s cluster, relative to the most stable gas phase conformation in such a
way that the largest adsorption promotes the largest deformation. The analysis of Bader
charged and CDD plots show a clear electron transfer from the MXene towards (TiO;)s cluster.
The accumulation of electron density in the supported (TiO,)s cluster is at the origin of its
deformation.

These systematic trends are rationalized using the MXene work function, the
electronegativity of the metal atom, and the d-band center of the metal in the MXene. MXenes
with a low work function are those that show high adsorption energy with a concomitant high
deformation energy of the (Ti0O,)s cluster and a large electron transfer. MXenes composed of
metals with low electronegativity show high adsorption energies including high deformation
energy of the (Ti0O,)s nanocluster and high electron transfer. Finally, the higher the d-band
center of the metal in the MXene, the higher the adsorption and deformation energies and also
the electron transfer. Finally, it has been shown that features of the metal element in the MXene
can be employed to predict trends in the interaction and in the extent of electron transfer when
forming titania/MXene composites, valuable information for experimentalists interested in the

synthesis, properties, and possible applications of these composites.
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Table 1. Adsorption (E,), adhesion (E,gn), and deformation (Egr) energies (in, eVl i0f50ion
(Ti0O,)s/M,C composites, respectively. Note that the two E4.¢ different sets of data correspond
to M,C (0001) MXene surface and the (Ti0,)s cluster, respectively. Charge transfer of (TiO,)s,
AQ, given in e, and the work function of M,C, @, given in eV, are also included. Only the most
stable composite atomic configuration is included, represented by the largest E,q. Further

details are found in the ESI.

M,C E,4 E,an Eqs MhC  E4(TiOy)s  AQ L

Ti,C -16.76  -36.95 2.21 17.98 -6.02 434
Zr,C -16.78 -36.03 1.06 18.19 -6.08  4.09
Hf,C  -16.99 -37.06 0.89 19.18 -6.62  4.29
V,C -13.47  -27.89 0.71 13.71 -4.15  4.40
Nb,C -13.08 -23.48 0.91 9.49 -3.53 4.26
Ta,C -14.11 -2540 1.09 10.19 -3.66  4.59
Cr,C -12.59 -24.95 1.57 10.79 -3.48 471
Mo,C -10.12 -18.52 1.03 7.37 234 499
w,C -1037 -17.62 1.76 5.49 -2.04 493
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Fig. 1. Top (top) and side (bottom) views of (a) the p(5x5) supercell model of the (RO Mol 5o ion
MXene structure with an ABC stacking and (b) planar (TiO,); cluster. Gray and brown spheres
represent transition metal M (M= Ti, Zr, Hf, V, Nb, Ta, Cr, Mo, and W) and C atoms in the
M,C (0001) MXene surface, while yellow and dark green spheres stand for oxygen and

titanium atoms of titania cluster, respectively.
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Fig. 2. Linear trend between E,4s of (TiO,)s/M,C composites and Eger (Ti0,)s. Solidhblackding oo 2ios
is the linear correlation between both quantities where R stands for the regression coefficient
between them. The spheres colors are consistent with the color spheres of the metal atom in

the MXene surface, depicted in Fig. 3. Linear fitting analysis is reported in Table S12 of the
ESIf.
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Fig. 3. Top (top) and side (bottom) views of optimized geometries of p(5x5) (dashed BIACK:ern
line) (T10,)s/M,C composite structures. Note that these structures correspond to the most stable
configuration for each (TiO,)s/M,C. The color scheme of the C atom and (Ti0,)s cluster is the
same described as in Fig. 1. The green, blue, and red colors denote M atoms of Groups IV, V,
and VI, respectively, where light, solid, and darker shades imply 3d, 4d, or 5d series,

respectively.
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Fig. 4. Linear trend between E,q and AQ of the titania cluster. Solid black line is,the JIBEAT 0 en
correlation between both quantities, and R stands for the regression coefficient. Color-coding

as in Fig. 3. Linear fitting analysis is reported in Table S12 of the ESIf.
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Fig. 5. Linear correlation between E4.¢(TiO,)s and AQ. Solid black line is the linear,gorgelafion sy 75/
between both quantities, while R stands for the linear correlation regression coefficient. Color

coding as in Fig. 3. Linear fitting analysis is reported in Table S12 of the ESI.
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Fig. 6. Plane-averaged charge density difference (PA-CDD) Ap along the directionnormdl {856 0s
the MXene surface, Z, for the most stable configurations of M,C/(TiO,)s as listed in Table 1.
Charge density differences, CDD, with an isosurface value of 0.015 e/A3, are depicted inset
where pale green and orange isosurfaces correspond to accumulation and depletion charges,

respectively. Color coding as in Fig. 3.
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Fig. 7. (a) E.gs vs. the work function, @, of bare (0001) MXene surfaces; (b) Eger (TiOn)s¥si P50 emn
M,C; and (¢) ® M,C vs. AQ of (TiO;)s. The solid black lines correspond to the linear fitting

associated with the regression coefficient, R. Color coding as in Fig. 3. Linear fitting analysis

is reported in Table S12 of the ESI+.
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Fig. 8. Tentative linear correlations of (a) Eags vS. Xpr, (b) Eder (Ti02)s vS. X1, (C)Bads ¥ Edoporen
and (d) E4r (TiO,)s vs. 4. The linear regression coefficient, R, is given inset in each panel.

Color coding in Fig. 3. Linear fitting analysis is reported in Table S12 of the ESI+.
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