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Abstract
The equilibrium boundary for the layered VxTi1-xSe2 solid solution was determined according to 
a set of experimental data of synchrotron radiation X-ray photoelectron spectroscopy and 
electromotive force of the Li|Li+|VxTi1-xSe2 electrochemical cells. This boundary appears to be 
20 mol.% of V (x = 0.2). The formation of the VSe2 structural fragments, which are tightly 
bounded with VxTi1-xSe2 layers, appears at x > 0.2. A combined analysis of the Fermi-surface 
maps and the atomic force microscopy (AFM) images reveals that the (001) planes in VSe2 and 
VxTi1-xSe2 structural fragments are parallel to each other. At the same time, these fragments 
demonstrate turbostratic disordering within the basal plane. The formation of such pseudo-
homogeneous materials is associated with the contribution of the free surface energy, that is 
relatively high in the quasi-two-dimensional materials.

Introduction
Layered quasi-two-dimensional materials based on titanium dichalcogenides have been 

attracting attention for several decades. Phenomena such as superconductivity1, charge density 
waves2, and spin polarization3 are typical for these materials. Their crystal lattice consists of Ch-
Ti-Ch layers (Ch = S, Se, Te), which are usually called "sandwich". In the "sandwich" there is a 
strong interaction between the atoms, whereas the adjacent sandwich layers are held together by 
relatively weak van der Waals forces. This makes it possible to intercalate different atoms or 
molecules4 into the interlayer space (see figure 1).

Figure 1. A fragment of the TiCh2 crystal structure (left panel). The 1st Brillouin zone for TiCh2 
(middle panel). Representation of the highly symmetric directions in the k-space (right panel).
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TiCh2 is one of the most promising cathode materials for lithium batteries5–10. Batteries 
with electrodes based on TiCh2, VCh2 (Ch = S, Se), and their solid solutions are already widely 
used. An amazing property is a huge difference in the kinetics of electrode processes in the solid 
solutions compared to the pure TiCh2 and VCh2 (Ch = S, Se) host compounds11,12. Since the Li 
atoms occupy the same crystallographic sites in the solid solutions as in the host compounds, it 
seems difficult to explain the origin of the difference in the diffusion mobility of Li in solid 
solutions. On the other hand, the previously discovered formation of mesoscopic structural 
fragments (SF) (for example, in the CrxTi1-xSe2 or TiSexS2-x solutions) could explain this unusual 
phenomenon13,14. The formation of structural fragments was suggested also for VxTi1-xSe2 

15. 
However, the question about the conjugation character of these SFs remains. For example, when 
SFs are present, the change of the lattice parameters is almost linear with the metal 
concentration. This indicates the strong interaction between these SFs and, probably, their 
coherent conjugation. In this work, we study the origin of the conjugation of SFs. 

The SFs are not formed at low concentrations of the substituent component in VxTi1-xSe2 
due to a large entropy contribution. To determine the vanadium concentration, at which the SFs 
are being formed in VxTi1-xSe2, we measured the electromotive force (EMF) of Li|Li+|VxTi1-xSe2 
electrochemical cells relative to the metallic lithium.

The electrochemical properties of the lithium battery system with VxTi1-xSe2 cathode 
were investigated previously15. However, only the compounds with x < 0.5 were studied. For 
these compounds the physical properties16,17, crystal structure16,18, and electronic structure18,19 
have been studied. The host compounds TiSe2 and VSe2 have been studied for a long 
time20,21,30,22–29. There is a slight deviation from Vegard's law in the V concentration dependence 
of the lattice parameters for VxTi1-xSe2 16,18.

In the current work we focused on VxTi1-xSe2 system, where the vanadium substituent 
concentration (x = 0.5, 0.73) is high enough for the formation of the structural fragments. 
Synchrotron radiation X-ray photoelectron spectroscopy (XPS), including resonant photoelectron 
spectroscopy (ResPES), ARPES, and X-ray absorption spectroscopy (XAS) were used to study 
the electronic structure. These methods were complemented by the AFM and EMF 
measurements, and first-principle calculations.

Experiment and theory
Polycrystalline TiSe2 and VSe2 were synthesized in sealed quartz ampoules evacuated to 

10-5 torr. The synthesis technique was described in details in Ref. 15. Titanium (after iodine 
purification, 99.95%), vanadium (99.95%) and selenium (OSCh19-5, 99.999%) were used as 
starting materials. Polycrystalline VxTi1-xSe2 compounds were synthesized from preliminary 
prepared TiSe2 and VSe2 powders taken in the required stoichiometric ratios in sealed quartz 
ampoules evacuated to 10-5 Torr at a temperature of 800 °С for 1 week. Afterwards the obtained 
material was grinded, pressed into pellets and homogenized at the same conditions. Single 
crystals of VxTi1-xSe2 were grown in sealed quartz ampoules evacuated to 10-5 Torr using gas-
transport reaction technique31. The 10 cm length ampule with a previously prepared 
polycrystalline VxTi1-xSe2 material was placed into the furnace with a temperature gradient. The 
temperatures of the hot end and cold end were set to 900 °С and 600 °С respectively. The single 
crystals studied in this work grew on the cold end of the ampoule. 

The chemical composition of the crystals was determined using EDX technique on an 
Inspect 1F scanning electron microscope. The results were confirmed by analyzing the intensities 
of the spectral lines at the XPS experiments. 
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The XPS, XAS and ResPES spectra were collected from the following single crystals: 
VSe2, V0.73Ti0.42Se2, and V0.5Ti0.5Se2. It has been shown in several studies 32–36 that the Se 
saturation vapor pressure is substantially higher in VSe2 than in TiSe2. The increase in the Se 
pressure results in the enrichment of the compound with metal. Therefore, all the VxTi1-xSe2 
compounds with x > 0.5 contain superstoichiometric metal. In our previous study,19 we  have 
shown that the excess of metal in V0.73Ti0.42Se2 is due to the Ti self-intercalation. The spectral 
data for TiSe2 were reported earlier 37.

The structure and phase purity of the powder VxTi1-xSe2 samples were checked by X-ray 
powder diffraction technique (XRD) in the Institute of Metallurgy UrD RAS, CUC “Ural-M” 
using a Shimadzu XRD 7000 Maxima difractometer (Cu Kα radiation, graphite 
monochromator). We reported the results on the crystal structure of the substitution VxTi1-xSe2

18 
and intercalation VxTiSe2

38 compounds in previous works.

The XPS, XAS and ResPES spectra of VxTi1-xSe2 were obtained at the BACH beamline 
39 at the Elettra synchrotron facility (Trieste, Italy). All samples were cleaved in situ in an ultra 
high vacuum (UHV) chamber at a pressure lower than 1×10-9 Torr. The purity of the surface was 
confirmed by the absence of oxygen and carbon peaks in the survey spectra. Low energy 
electron diffraction (LEED) images from the in UHV cleaved samples (see figure S0 in the 
Supporting Information) confirm the good crystalline quality of the studied crystals. The XPS 
and ResPES spectra were measured at normal emission with a Scienta R3000 electron energy 
analyzer. The photoelectron escape depth for these measurements did not exceed 10 Å thus 
ensuring high surface sensitivity. The total instrumental resolution was 0.2 eV. Binding energies 
of spectra were calibrated to the Fermi edge measured on a clean Au foil in electrical contact 
with the samples. The photon energies were calibrated using the difference in the kinetic energy 
of Au 4f line recorded in the first- and second-order light. The ARPES experiment was 
performed at the VUV photoemission beamline at Elettra synchrotron facility (Trieste, Italy). 
The spectra were acquired at a photon energy of Eexc= 45 eV with linear polarization in 
horizontal plane, at a temperature of 9.6 K, using a Scienta R-4000 electron analyzer. The total 
energy and angular resolution were set to 15 meV and 0.3°, respectively. The used excitation 
energy Eexc = 45 eV corresponds to the point of about 0.25 k┴/kГ-A in the k┴ direction40. Since we 
are close to the Г point in the Г-A direction, we will use for the simplicity of notation the same 
symbols as for the points in the ГMK plane (see figure 1).

The first principles calculations were performed using the full potential linearized 
augmented plane wave (FP-LAPW) approach and the (GGA-PBE)41 exchange-correlation 
functional in the ELK software package42. Integration over the Brillouin zone was carried out 
using an 8×8×8 grid of special k points. The self-consistent calculation was finished when the 
total energy change became less than 0.0001 eV. The calculations were performed on the “Uran” 
supercomputer at the Institute of Mathematics and Mechanics, Ural division of the Russian 
Academy of Sciences.

The EMF data were obtained using Li|Li+|VxTi1-xSe2 electrochemical cells at a 
temperature of 25 oC. The measurements were performed in two-contact cells, where metallic 
lithium (99.9%, Novosibirsk Chemical Concentrates Plant) was a negative and a reference 
electrode. A 1 M solution of LiClO4 in anhydrous propylene carbonate was used as the 
electrolyte. The cell assembly and measurements were performed in an argon dry glove box 
UNILAB MBRAUN (the residual content of water and oxygen was less than 0.1 ppm). The 
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EMF measurements were performed using a V7-34A voltmeter (impedance input -2·109 Ω) and 
an Elins P-8S potentiostat.

Result and discussion
XPS

The Se 3d spectra of all samples studied in this work display a single main component at 
binding energy of 53.2 eV (3d5/2) and have the same energy position and similar shape (see 
figure S1 in Supporting Information). The shape of all the Ti 2p spectra is also nearly the same 
(figure S1), but the binding energy gradually decreases from 455.67 eV (2p3/2) for TiSe2 to 
455.29 eV for V0.73Ti0.42Se2 as the V concentration increases. Figure S2 shows the valence band 
(VB) spectra for the studied compounds. The main features, marked as M, N, Q, and T, are 
formed by M 3d/S 4p (M = Ti, V) hybridized states. The peak denoted as Se belongs to Se 4s 
states 37. The S 3d, Ti 2p core levels and the overall shape of the VB spectra agree well with 
those reported previously 18.

The VB spectra obtained across the Ti 2p-3d and V 2p-3d resonant excitation 43–47 for 
V0.5Ti0.5Se2 and V0.73Ti0.42Se2 are shown in figures S3 and S4. The resonant photoemission 
valence band maps, constant initial state (CIS) spectra (figure S5), as well as the valence band 
spectra at the maximum resonant enhancement (figure S6) are also in good agreement with 
results previously reported for similar compounds 18,19. The qualitative agreement between the 
current and previous experimental results allows us to expand the conclusions of the current 
study on the entire VxTi1-xSe2 system. 

Figure 2 shows the V 2p spectra of VxTi1-xSe2 for V concentrations of x ≥ 0.5. The energy 
position of the spectra coincides with that of VSe2. The V 2p spectrum is shifted towards higher 
binding energies only for V0.5Ti0.5Se2. At x > 0.5 we can consider this system as substitutional Ti 
doped VSe2. The V 2p spectra can be fitted with two components, a main one at higher binding 
energy (peak A) and a second one at lower binding energy (peak B). An increase in the Ti 
concentration leads to a decrease in the intensity of the B component, which will be discussed 
later (figure 2 and Table 1).   

Table 1. The V 2p binding energy positions and peaks areas of the spectra displayed in figure 2. 
V 2p3/2 B component binding energy and relative peak intensity.

Sample Peak B position, 
eV

Peak B area/Peak A area

VSe2 512.27 0.23
 V0.73Ti0.42Se2 512.26 0.17
V0.5Ti0.5Se2 512.40 0.16
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Figure 2. V 2p XPS spectra for VxTi1-xSe2 recorded at normal emission with photon energy hν = 
602 eV.

The core level spectra provide information about the quality of both the single crystal and 
the surface. Phase inhomogeneities and surface contamination significantly change the chalcogen 
core-level spectrum. Therefore, we acquired the core-level XPS spectra for the studied crystals. 
Firstly, this data confirms good quality of the crystals. Secondly, we see that the crystals studied 
in the current work belong to the same VxTi1-xSe2 family as the samples we have studied 
previously18.  

ARPES

No significant differences were observed in the line shape of the core level spectra for 
VxTi1-xSe2 samples as a function of different stoichiometry. However, further insight on the 
electronic structure of these compounds is obtained by valence band ARPES.

Figure 3 shows the ARPES images for V0.5Ti0.5Se2 and V0.73Ti0.42Se2 along the highly 
symmetric directions Г-М, Г-М', Г-K.
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V0.5Ti0.5Se2 V0.73Ti0.42Se2
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Figure 3. ARPES images for V0.5Ti0.5Se2 and V0.73Ti0.42Se2 along the Г-M, Г-M' and Г-K 
directions.

The ARPES spectra for V0.5Ti0.5Se2 and V0.73Ti0.42Se2 look similar to those of VSe2
48. An 

expansion of the electron pocket at M point occurs with increasing V concentration. There is an 
increase in the intensity and binding energy of the bands in the vicinity of the M' point. The most 
prominent change appears in the band near of the Fermi level in the Г-K direction (figure 3, 
lower panel). The band is clearly visible for V0.5Ti0.5Se2, but it is much less pronounced for 
V0.73Ti0.42Se2. Since the Brillouin zone of the  space group has no bands in this point (see 𝑃3𝑚1
figure 4), we can assume that this band appears due to one SF rotated with respect to another 
one. As the Г point position is independent from any rotation of the SF, the presence of rotated 
SF can be evaluated by possible rotations of the M point. Because the intensity of the band in the 
M point is higher for V0.73Ti0.42Se2 than for V0.5Ti0.5Se2, the intensity of the band located in the 
intermediate point should be also higher for V0.73Ti0.42Se2. The fact that it is not so indicates that 
the SFs in V0.5Ti0.5Se2 and V0.73Ti0.42Se2 crystals are rotated at different angles (denoted as α and 
β in figure 5) with respect to each other as confirmed by constant-energy maps, which are shown 
in figure 5.  

Figure 4. Brillouin zone for  space group (left panel), calculated Fermi surface for TiSe2 𝑃3𝑚1
(central panel) and VSe2 (right panel).
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Figure 5. Stack of constant-energy surfaces at indicated binding energies extracted from the 
ARPES measurements for V0.5Ti0.5Se2 and V0.73Ti0.42Se2. 

The ARPES spectra obtained here can be compared with the data reported for 1T-TiSe2 
and 1T-VSe2.49,50 Because the upper chalcogen layer in the Ch-Ti-Ch “sandwich” is rotated 60° 
with respect to the lower one, the ARPES spectra for 1T systems differ from each other at the M 
and M' points. As a result, the electron pockets are clearly visible at the M points with a 120° 
period, which corresponds to the third-order axis in the  space group. The pockets with 𝑃3𝑚1
lower intensity are observed at the M' point. 

The electron pockets are clearly distinguishable on the constant-energy surface for 
V0.5Ti0.5Se2 (figure 5). However, there is a 40° α angle between them, which does not fit the 
compound symmetry. On the other hand, a 60° β angle between the electron pockets is visible 
for V0.73Ti0.42TiSe2. The 60° angle belongs to the symmetry elements of the  space group, 𝑃3𝑚1
therefore, a 60° relative position of the SFs in V0.73Ti0.42Se2 crystal displays their coherent 
bounding with each other. This leads to the difference in the intensity of the band located 
between the Г and K points (figure 3, lower panel), which is lower for the V0.73Ti0.42Se2 crystal 
as compared to the V0.5Ti0.5Se2 one. To reveal the reason for this difference, we performed the 
calculation of the Fermi surface.
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Calculation
In this work we consider three substitutional crystal structures with different periodic 

ordering: a) the formation of (001) Ti planes and (002) V planes (O1); b) the formation of (100) 
Ti planes and (200) V planes (O2); c) the formation of (1-11) Ti planes and (-11-1) V planes 
(O3). The modeled crystal structures discussed above are shown in figure 6. However, the 
calculations cannot be performed for the model which supposes the independent (or dependent) 
coexistence of the TiSe2 and VSe2 structural fragments because of a lot of atoms in the modeled 
crystal structure.

Figure 6. VxTi1-xSe2 structural models considered for the valence band electronic structure 
calculations. (a) (001) Ti planes and (002) V planes (O1); (b) (100) Ti planes and (200) V planes 
(O2); (c) (1-11) Ti planes and (-11-1) V planes (O3).

The calculation was performed for V0.5Ti0.5Se2 for simplicity. The lattice parameters and 
atomic coordinates were taken from Ref. 18. Figure 7 shows the calculated total density of states 
(TDOS) for TiSe2, VSe2, and V0.5Ti0.5Se2 with different ordering types (O1, O2, O3). The 
experimental VB spectrum for V0.5Ti0.5Se2 is shown for comparison.

Figure 7. Valence band spectrum for V0.5Ti0.5Se2 and calculated TDOS for TiSe2 and VSe2 
(upper panel) and for V0.5Ti0.5Se2 with different ordering types (lower panel).

One can see that only calculation for TiSe2 does not describe the resonance peak at the 
Fermi level. The calculation for both VSe2 and V0.5Ti0.5Se2 describes the resonance quite well. 
On the other hand, the differences between the TDOS calculated for the three structural models 
are not significant.
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Figure 8 shows Fermi surfaces calculated for TiSe2, VSe2, and V0.5Ti0.5Se2. The cross-
sections of the calculated Fermi surface were made at ¼ of the 1st Brillouin zone height (i.e., at 
the middle of the L-M, H-K, and Г-A directions) using the Fermi-Surface Viewer software51 to 
compare the experimental and calculation results. None of the V0.5Ti0.5Se2 models with regular 
ordering between the Ti and V atoms describes the 40º angle α between the bands observed by 
ARPES. Therefore, we can exclude the formation of a periodically ordered substitutional VxT1-

xSe2 solid solution for x ≥ 0.5. A possible explanation of the difference in the constant-energy 
surfaces for V0.5Ti0.5Se2 and V0.73Ti0.42Se2 could be the formation of TiSe2 and VSe2 structural 
fragments as previously suggested in reference13. This possibility also indicate our EMF 
measurements discussed in the next section.

Figure 8. Calculated constant-energy maps compared with experimental data for V0.5Ti0.5Se2.
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EMF
The results of EMF measurements, which highlight changes in the electronic structure of 

the VxTi1-xSe2 system analyzing the E~f(x) dependence52,53, are shown in figure 9 .The EMF 
monotonically decreases with the V concentration in a range of 0 < x < 0.2. This indicates an 
increase in the Fermi energy of the material. A plateau is observed in the V concentration range 
of 0.3 < x < 1.0, which indicates the constancy of the Fermi energy52–54. The EMF also suggests 
that we can assume a single-phase solid solution for x < 0.2 and a mixture of two phases for x > 
0.3.

Figure 9. The EMF dependence on V concentration (x) for the Li|Li+|VxTi1-xSe2 cells at 25 oC 
and atmospheric pressure.

 Since the chemical potential of electrons, but not atoms, is measured, only the presence 
of some inhomogeneities can be suggested. Although EMF method is unable to determine their 
real origin, phase separation could be the reason of the detected inhomogeneities. However, we 
can determine the V0.2Ti0.8Se2/VSe2 SFs ratio in V0.5Ti0.5Se2 and V0.73Ti0.42Se2 assuming that the 
change in EF corresponds to the change in the free energy of metal in VxTi1-xSe2. 

AFM
We obtained the AFM images to clarify the crystal surface morphology. The AFM 

images of in situ cleaved V0.5Ti0.5Se2 and V0.73Ti0.42Se2 single crystals are shown in figure 10. 
For both studied single crystals, the surface is inhomogeneous and is separated into small 
regions. These regions are smaller in V0.5Ti0.5Se2 than in V0.73Ti0.42Se2, and their orientation and 
shapes look rather irregular; in V0.73Ti0.42Se2, these regions look more extended and their 
orientation more regular.

It should be noted that both dark and light areas in figure 10, a-b correspond to flat 
surfaces of the crystallites. The AFM images were obtained from crystals cleaved by splitting. 
The cleaved surface can follow the contact border between SFs. Since the SFs are randomly 
distributed over the volume of the crystal and weakly bounded with each other in the direction of 
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the c-axis of the crystal, a part of them can remain on the removed part of the crystal. Therefore, 
the topography of the removed part can be the inverse topography of the cleaved surface. The 
difference in the heights between two dark areas on the opposite sides of the bright area (line 
profile 2 in figure 10, a) does not exceed 16 Å (see figure 10 c-d). A similar conclusion can be 
drawn about the difference in the heights of two bright areas separated by the dark one (direction 
1 in figure 10, a). The height of the steps allows us to estimate the thickness of the SFs as ~ 15 
Å, which corresponds to nearly three unit cells. Such thin crystallites will inevitably affect each 
other's lattice parameters. Based on the EMF results we attribute these areas to the V0.2Ti0.8Se2 
and VSe2 SFs. 

Figure 10. Panels a-b - AFM images of in situ cleaved V0.5Ti0.5Se2 (a) and V0.75Ti0.42Se2 (b) 
single crystals in height contrast. Panels c-d - line profiles along the lines 1 (red curve) and 2 
(black curve) in a) and b).

The heights of the inhomogeneities, which can be attributed to the SFs, do not exceed 20 
Å, while their planar size is about 1 μm. Therefore, the SFs can be described as extended thin 
plates with the same orientation relative to the basal plane of the crystal.
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Discussion
The V 2p core level photoemission spectra (figure 2) revealed two components (A and 

B), which intensity ratio depends on the chemical composition (Table 1). For pure VSe2 the peak 
B area/peak A area ratio equals to 0.23. For VxTi1-xSe2 compounds this ratio differs from that for 
VSe2. This suggests that a part of the V atoms remains in VSe2, and another part have different 
chemical environment. The areas ratio enables us to estimate the relative amounts of 0.16/0.23 ≈ 
0.7 for the two types of V atoms at х = 0.5. This means that in V0.5Ti0.5Se2, 70% of V atoms are 
the same as in VSe2, and 30% of V atoms are of a different type, which we attribute to the 
formation of V0.2Ti0.8Se2 substitutional solid solution. The same composition of the limiting 
homogeneous substitution of Ti by V was obtained from the EMF measurements. Approximately 
the same fractions were obtained for V0.73Ti0.42Se2. However, this material contains extra metal 
atoms (0.73 + 0.42 = 1.15 > 1). As reported previously,19 V atoms occupy regular (000) sites in 
the host lattice, and the Ti atoms partially occupy the (00½) sites in the interlayer gap. At the 
same time, a change in the Ti 2p binding energy is observed only at x > 0.2. A decrease in the Ti 
2p binding energy may indicate a decrease in the Ti effective charge. This cannot be explained 
by a shift of the Fermi level, because it is not accompanied by a corresponding decrease in the Se 
3d binding energy. On the other hand, reduction of the Ti atoms is possible due to the charge 
transfer between the VSe2 and V0.2Ti0.8Se2 SFs. This is accompanied by an increase in the V 2p 
binding energy in V0.5Ti0.5Se2 as compared to VSe2. Such increase in the V 2p binding energy is 
masked in V0.73Ti0.42Se2 by the extra metal atoms. The Se 3d binding energy does not depend on 
the V/Ti concentration ratio. This is expected for the case of SFs with the thickness close to 
single unit cell and the SFs are stacked on top of each other. Indeed, the AFM images on the 
cleaved crystals revealed terraces with a step height of ~15 Å, which corresponds to the 
thickness of three unit cells. Therefore, we can describe the SFs as thin layers tightly bounded to 
each other along the c-axis. This arrangement can provide a good electrical contact and charge 
transfer between SFs; similar lattice parameters in different SFs may be due to the mutual 
deformation of the SFs.

At the same time, the AFM images indicate the irregular orientation of the SFs in the 
basal plane in the V0.5Ti0.5Se2 crystal and their relatively regular orientation in the V0.73Ti0.42Se2 
one. This difference in the morphology of the SFs in two crystals agrees with data obtained from 
the ARPES measurements. On the other hand, the LEED images for V0.5Ti0.5Se2 and 
V0.73Ti0.42Se2 crystals are typical for the crystals free of the mosaic structure. Considering the 
AFM data, this can be only in the case of the same [001] orientation of all the c-axes of the SF’s.
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Figure 11. The V concentration dependence of the VxTi1-xSe2 lattice parameters; the data were taken from Ref. 18. 
The accuracy of the measurements does not exceed the symbol size. 

Figure 11 shows the dependence of VxTi1-xSe2 lattice parameters on V concentration. At 
x < 0.2 the lattice parameters are weakly dependent on the V concentration, however at x > 0.2 a 
linear dependence is observed. The same behavior was reported in the work of Levy and 
Froidevaux16, where the special measures were taken to prevent the intercalation of Ti and/or V. 
Based on our XPS and EMP measurements we can conclude that in a homogeneous solid 
solution VxTi1-xSe2 the lattice parameters do not depend on x, but they display a linear 
dependence on x when the material is chemically inhomogeneous. This is possible only in the 
case of a strong epitaxial bond between the chemically inhomogeneous layers. Surprisingly, the 
V concentration dependence of the lattice parameters does not deviate from the linear one even if 
the material is poor of Ti, and the contribution of the V0.2Ti0.8Se2 SFs should be small. This is 
probably due to the large planar size of the SFs at their very small thickness. We believe that the 
SFs can provide a uniform deformation of the lattice even in the V concentration region close to 
the VSe2 composition, where the concentration of the V0.2Ti0.8Se2 SFs should be low.

It is obvious that the mutual effect of the SFs on the electronic and crystal structure can 
be achieved only in the case of their homogeneous distribution. The electrostatic interaction 
between the SFs caused by the charge transfer between the VSe2 and V0.2Ti0.8Se2 SFs can be the 
reason for this distribution. Since the conduction band of VSe2 contains one electron per formula 
unit and that of V0.2Ti0.8Se2 only 0.2 electrons per formula unit, one can expect a charge transfer 
from VSe2 to V0.2Ti0.8Se2. Indeed, the decrease of the Ti 2p binding energy with an increase in 
the V concentration in VxTi1-xSe2 (figure S1) indicates this charge transfer. As a result, the VSe2 
SFs become positively charged and V0.2Ti0.8Se2 SFs – negatively charged. The free energy of the 
system of electrically charged particles is minimum at their most uniform mixing and most dense 
mutual coordination. We believe it is the effect that is responsible for the formation of the 
macroscopically uniform material in the VxTi1-xSe2 system. 

A decrease of the Ti oxidation state in V0.2Ti0.8Se2 at the increased concentration of VSe2 
is a side effect of the charge transfer. We have shown previously that the decrease of the Ti 
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oxidation state results in a similar binding energy of the octahedrally and tetrahedrally 
coordinated ions being intercalated into the van der Waals gap 55. This provides a lowering of the 
diffusion activation energy and, therefore, an increase of the diffusion mobility of the 
intercalated ions, which improves the performance of the VxTi1-xSe2 electrodes in contrast to the 
TiSe2 ones, where intercalated ions occupy only the octahedral sites, and VSe2 ones, where 
intercalated ions occupy only tetrahedral sites in the van der Waals gap 56.

Conclusions
In the current study, we combined XPS, ResPES, ARPES, EMF of electrochemical 

cells, and theoretical calculations to investigate the crystal and electronic structure of the 
polycrystalline VxTi1-xSe2 materials and their single crystals. The results show that a 
homogeneous substitutional solid solution of VxTi1-xSe2 is stable in the V concentration range of 
0 ≤ x ≤ 0.2. At x > 0.2 the VSe2 structural fragments appear. The AFM microscopy and FSM 
analysis showed that these SFs have a shape of thin layers with a height of ~15 Å, corresponding 
to approximately 3 unit cells. The VSe2 and V0.2Ti0.8Se2 SFs are stacked to each other in the c-
axis direction. The SFs demonstrate turbostratic disordering within the basal plane.

The contribution of the surface tension at the interfaces between SFs to the 
thermodynamic free energy can be much higher in 2D materials than in ordinary 3D materials. 
This discrepancy can lead to a redistribution of the components, which will compensate for this 
spatial inhomogeneity of free energy. We believe that the formation of turbostratic disordered 
structural fragments is expected to be a widely observed phenomenon in low-dimensional 
materials.
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Supporting Information

Electronic Structure of VxTi1-xSe2 Solid Solutions with the (V,Ti)Se2 Structural 
Fragments
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The LEED patterns were captured from the cleaved surface of the crystals in the 
preparation chamber of the spectrometer at the VUV Photoemission beamline of the ELETTRA 
sinchrotrone facility. 

Figure S0. LEED patterns for the V0.5Ti0.5Se2 and V0.73Ti0.42Se2 single crystals.
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Figure S1. Left panel: XPS Se 3d core level for VxTi1-xSe2. Right panel: XPS Ti 2p core level 
for VxTi1-xSe2. All spectra were taken at normal emission with hν = 602 eV. 

Table S1. The Se 3d5/2 and Ti 2p3/2 energy positions of the spectra displayed in figure S1. 

Sample Se 3d5/2 Ti 2p3/2
TiSe2 53.24 455.67
V0.05Ti0.95Se2 53.24 455.6
V0.5Ti0.5Se2 53.24 455.46
V0.73Ti0.42Se2 53.24 455.29
VSe2 53.24 -
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Figure S2. Valence band spectra for VxTi1-xSe2 taken at normal emission with hν = 602 eV. 

Ti and V L2.3 XAS were performed in total electron yield mode by measuring the drain current 
through the sample. The photon energy resolution was set to 0.1 eV at Ti L-edge and 0.15 eV at 
V L-edge, respectively. 
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Figure S3. Upper panel: Ti 2p–3d ResPES for Ti0.5V0.5Se2. Lower panel: Ti 2p–3d ResPES for 
Ti0.42V0.73Se2. In the middle of both panel the difference spectra are shown in the form of an image 
plot. 



S5

Figure S4. Upper panel: V 2p–3d ResPES for Ti0.5V0.5Se2. Lower panel: V 2p–3d ResPES for 
Ti0.42V0.73Se2. In the middle of both panel the difference spectra are shown in the form of an image 
plot. 

Figure S5. CIS spectra at Eb = 0.15 eV, obtained from the Ti 2p-3d (left panel) and V 2p-3d (right 
panel) ResPES spectra. 



S6

Figure S6. Difference VB spectra for VxTi1-xSe2 obtained from the Ti 2p-3d (left panel) and V 2p-
3d (right panel) ResPES spectra.


