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A B S T R A C T

First-principles calculations assess the TiF2 monolayer and its Janus derivative TiFBr as candidate photocatalysts 
for water splitting. Both adopt the 1H structure, satisfy the elastic stability criteria and remain intact during 10 ps 
molecular dynamics at 300 K in vacuum; their phonon spectra show only small residual imaginary frequencies 
near Γ. HSE06 gives gaps of 2.08 eV (indirect, TiF2) and 1.45 eV (direct, TiFBr). With overpotential allowances of 
0.2 and 0.6 eV for hydrogen and oxygen evolution, the band edges of TiF2 satisfy both allowances only between 
pH 4.7 and 5.6, where its ideal solar-to-hydrogen efficiency limit is 15.8%. TiFBr does not meet the oxygen- 
evolution allowance below pH ~ 12, but its out-of-plane dipole raises its conduction band on the Br- 
terminated side, favouring hydrogen evolution. Scissor-corrected absorption peaks lie in the visible range 
(about 2.8 and 1.8 eV). Aqueous stability of these Ti2+ compounds remains the main open question.

1. Introduction

Hydrogen is central to the decarbonisation of sectors that resist direct 
electrification, including steelmaking, ammonia synthesis, and heavy 
transport. Most of today's hydrogen is still produced from fossil fuels, 
mainly by natural-gas reforming and coal gasification, with substantial 
CO2 emissions, so the environmental case for hydrogen depends entirely 
on how it is made [1,2]. Photocatalytic water splitting offers a route that 
requires only sunlight, water, and a semiconductor, with no external 
bias and no carbon feedstock, and it remains attractive for decentralised 
production because a particulate photocatalyst suspension avoids the 
balance-of-plant cost of electrolysers [3].

Realising this promise depends on the photocatalyst. A viable 
candidate must satisfy several requirements at once: a band gap wide 
enough to drive the 1.23 eV water-splitting reaction but narrow enough 
to harvest visible photons, band edges that straddle both the hydrogen 
and oxygen evolution potentials, strong optical absorption, efficient 
separation of photogenerated carriers, and chemical stability in the 
operating electrolyte [4,5]. Few materials meet all of them simulta
neously, which is why solar-to-hydrogen (STH) efficiencies for particu
late systems remain well below the 10% threshold generally regarded as 

the commercial target [6,7]. The most efficient particulate photo
catalysts combine a light absorber with separate cocatalysts that carry 
out the hydrogen and oxygen evolution reactions [8,9], so the intrinsic 
properties of the absorber, namely its band gap, band-edge positions, 
optical absorption and stability, are the first criteria used to screen new 
candidates [10].

The discovery of graphene and the subsequent growth of two- 
dimensional (2D) materials expanded the design space for next- 
generation photocatalysts [11,12]. The large surface-to-volume ratio 
of monolayers maximises active-site density [13], while quantum 
confinement and symmetry breaking can be used to tune the band gap 
[14]. Transition-metal dihalide monolayers of the form MX2 
(M = transition metal, X = halogen) are promising in this respect: the 
strong electronegativity of halogen atoms widens the band gap and 
shifts band edges toward water redox levels. Titanium-based systems 
stand out because Ti is earth-abundant, low in toxicity, and bulk TiO2 
already has a well-established record in photocatalysis [15].

Titanium dihalides have recently attracted attention in this context. 
Bulk TiCl2, TiBr2 and TiI2 are known layered compounds [16], and their 
monolayers have been examined in high-throughput and dedicated 
first-principles studies [17–19]. Because Ti2+ has a d2 configuration, the 
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ground state depends on the coordination: octahedral (1T) layers tend to 
order magnetically [20], whereas in the trigonal-prismatic 1H phase the 
2 d electrons fill an isolated band and the layers are non-magnetic 
semiconductors [17,19,21]. Recent work has reported TMD-like valley 
excitons in 1H-TiBr2 [21], defect-controlled reactivity of its basal plane 
[22] and bright ground-state excitons in 1H-TiI2 [23]. Janus TiXY 
monolayers (X, Y––Cl, Br, I) have been predicted to be dynamically 
stable, non-magnetic semiconductors with HSE06 gaps of 0.83–1.23 eV, 
tunable Berry curvature and piezoelectric response [24,25]. None of 
these studies assessed the band edges against the water redox potentials, 
and the valence-band maxima of 1H-TiBr2 and Janus TiBrI lie near − 3.6 
and − 3.4 eV with respect to vacuum [17,18], far above the O2/H2O level 
(− 5.67 eV), so the Cl-, Br- and I-based members of the family are un
suitable for oxygen evolution.

Fluorine, the most electronegative element, offers a route to deeper 
band edges. For the TiF2 monolayer, the 1H structure is the lowest- 
energy polymorph, lying below the 1T′ and 1T forms and even below 
fluorite-type bulk TiF2 at the PBE level [26]; it has also appeared in a 
study of excitons in 1H-TiX2 [23] and, recently, as one of several 
monolayers combined with polar Al2O3 in van der Waals hetero
structures designed for photocatalytic overall water splitting [27]. To 
our knowledge, however, a detailed assessment of the free-standing 
monolayer, including its pH-dependent band alignment, 
overpotential-limited operating window and AM1.5G-weighted ab
sorption, has not been reported. Substituting one fluorine layer with 
bromine creates the Janus monolayer TiFBr, which lacks out-of-plane 
mirror symmetry and therefore carries an intrinsic dipole and an inter
nal electric field [28,29]. Such built-in fields can drive photogenerated 
electrons and holes toward opposite surfaces and relax the band-gap 
requirement for overall water splitting [30,31]. To the best of our 
knowledge, no F-containing Janus Ti dihalide, including TiFBr, has been 
reported; the existing high-throughput Janus data sets include only Cl, 
Br and I among the halogens [18,29]. Here we characterise TiF2 and 
Janus TiFBr with density functional theory, covering structural optimi
sation, mechanical, dynamical and thermal stability, electronic struc
ture, pH-resolved band-edge alignment, overpotential-limited operating 
windows, theoretical solar-to-hydrogen efficiencies and optical 
response, and we compare what each monolayer offers for solar 
hydrogen production.

2. Computational Methods

All calculations were performed with the Vienna Ab initio Simulation 
Package (VASP) [32,33] within the generalised gradient approximation 
(GGA), using the Perdew–Burke–Ernzerhof (PBE) exchange-correlation 
functional [34] and projector augmented-wave (PAW) pseudopoten
tials [35,36]. Structural optimisation used a plane-wave cutoff of 530 eV 
and a 15 × 15 × 1 Monkhorst–Pack k-point mesh, with convergence 
thresholds of 10− 7 eV per unit cell for total energy and 10− 6 eV/Å for 
atomic forces. A 15 Å vacuum layer was inserted perpendicular to the 
monolayer plane to minimise interactions between periodic images, 
giving a cell height of about 18 Å. Calculations were performed without 
spin polarisation and without spin–orbit coupling (SOC). This choice is 
motivated by the electronic structure of the trigonal-prismatic 1H phase: 
the two Ti 3d electrons of Ti2+ fill an isolated band that is separated from 
the empty d states by a gap of about 1 eV already at the PBE level (1.24 
and 0.98 eV; Section 3.2), which is consistent with a non-magnetic 
ground state, as found in spin-polarised studies of the related 1H-TiX2 
(X = Cl, Br, I) and Janus TiXY monolayers [19,25,29]. Spin-polarised 
test calculations were not performed for the fluorides. SOC was 
neglected because both band edges are dominated by states of the light 
element Ti (Fig. S2); its effect, expected to be small, was not quantified. 
No dipole correction was applied; its effect on the Janus layer is quan
tified in Section 3.2. The main computational parameters are listed in 
Table 1.

Mechanical stability was evaluated from elastic constants calculated 

with the ELASTOOL code [37,38]. To verify dynamical stability, phonon 
dispersions were obtained in Phonopy from finite atomic displacements 
imposed on a 4 × 4 × 1 supercell [39,40]. Behaviour at 300 K was then 
probed through molecular dynamics (MD) runs of 10 ps carried out in 
VASP [32]; because ab initio MD is computationally expensive, 
machine-learned force fields (MLFF) trained on the fly against PBE 
reference calculations were used to reduce the cost [41,42]. These 
MLFF-MD runs used a Langevin thermostat on a 4 × 4 × 1 supercell 
containing 48 atoms.

Because PBE underestimates band gaps, the screened hybrid HSE06 
functional was used for electronic properties [43,44], with 25% exact 
Hartree–Fock exchange and a screening parameter of 0.2 Å− 1. 
Band-edge positions were referenced to the vacuum level obtained from 
the planar-averaged electrostatic potential of the same calculation, 
determined separately for PBE and HSE06; for the Janus layer, the po
tential adjacent to the F-terminated face was used (Section 3.2). Band 
structures were visualised with the Sumo toolkit [45], and crystal 
structures were rendered in VESTA [46].

Linear optical spectra were calculated from the PBE electronic 
structure in the independent-particle approximation as implemented in 
VASP [47] and converted into the absorptance, reflectance and trans
mittance of the free-standing layer as described in Section 3.3 [48,49]. 
To correct for the PBE gap underestimation, the computed spectra were 
additionally corrected a posteriori with a scissor operator, which, when 
the momentum matrix elements are renormalised consistently, amounts 
to a rigid shift of ε2(ω) by Δ = Eg

HSE06 − Eg
PBE [50,51]. Excitonic effects 

were not included. Theoretical solar-to-hydrogen efficiency limits were 
evaluated with the method of Fu et al. [31], which has been applied to 
several Janus monolayers [52], using the AM1.5G reference spectrum 
[53]; the corresponding equations are given in Section 3.4.

3. Results and Discussion

3.1. Structural and Stability Analysis

TiF2 and Janus TiFBr both adopt the trigonal-prismatic 1H structure, 
in which each Ti atom is coordinated by three halogen atoms above and 
three below the metal plane, with the two halogen layers eclipsed when 
viewed along the surface normal (Fig. 1). In TiF2, fluorine atoms occupy 
both the top and bottom planes, giving a symmetric F–Ti–F configura
tion with space group P-6m2 (No. 187, point group D3h), which contains 
a horizontal mirror plane through the Ti layer. In TiFBr, one F layer is 

Table 1 
Computational parameters used in this work.

Quantity Setting

Code, method VASP, PAW pseudopotentials, PBE (GGA)
PAW datasets PAW_PBE Ti, F and Br (standard VASP datasets)
Plane-wave cutoff 530 eV
k-point mesh (PBE 

relaxation)
15 × 15 × 1 (Monkhorst–Pack)

Convergence (energy/ 
forces)

10− 7 eV/10− 6 eV Å− 1

Vacuum/cell height 15 Å/≈18 Å
Spin polarisation, SOC not included (non-magnetic 1H phase)
Dipole correction not applied (effect estimated in Section 3.2)
Hybrid functional HSE06, 25% exact exchange, μ = 0.2 Å− 1; k-mesh 

9 × 9 × 1
Elastic constants ELASTOOL
Phonons Phonopy, finite displacements of 0.01 Å, 4 × 4 × 1 

supercell, k-mesh 4 × 4 × 1
MLFF-MD 4 × 4 × 1 supercell (48 atoms), 300 K, Langevin thermostat 

(friction coefficients of 10, 5 and 12 ps− 1 for Ti, F and Br), 
time step 1.0 fs, 10 ps, on-the-fly training against PBE, k- 
mesh 3 × 3 × 1

Optical spectra PBE, independent-particle approximation; k-mesh 
15 × 15 × 1, 30 bands, Lorentzian broadening 0.1 eV; 
scissor Δ = 0.84 eV (TiF2), 0.47 eV (TiFBr)

STH efficiency Fu et al. method, AM1.5G (ASTM G173-03)
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replaced by Br, making the two surfaces chemically distinct and 
removing this mirror plane; the symmetry is lowered to the polar space 
group P3m1 (No. 156, point group C3v), which allows a net out-of-plane 
dipole. After relaxation the in-plane lattice parameter of TiFBr is 3.29 Å 
against 2.91 Å for TiF2, an increase of 13.1%, and the Ti–Br bond 
(2.62 Å) is correspondingly longer than the Ti–F bonds (2.12 Å in TiF2 
and 2.24 Å in TiFBr); the relaxed structures are given in VASP POSCAR 
format in the Supplementary Material (Table S1). This follows from the 
covalent radius of bromine, 1.20 Å, exceeding that of fluorine, 0.57 Å 
[54]. For TiF2, the 1H structure (denoted 2H in Ref. [26]) is also the 
lowest-energy monolayer polymorph: according to the PBE formation 
energies tabulated by Ono and Pawar [26], it lies 0.04 and 0.22 eV/atom 
below the distorted-octahedral 1T′ and octahedral 1T forms, respec
tively, and 0.12 eV/atom below fluorite-type bulk TiF2.

The calculated elastic constants satisfy the Born–Huang criteria for a 
two-dimensional hexagonal lattice, C11 > 0, C66 > 0 and C11 > |C12|, so 
both monolayers are mechanically stable against small in-plane strains 
[55]. For a hexagonal lattice C66 is not independent but equals 
(C11 − C12)/2, and the values in Table 2 obey this identity to within 
0.01 N/m, which serves as an internal consistency check on the elastic 
calculation. The 2D Young's modulus is 96.05 N/m for TiF2 and 
73.61 N/m for TiFBr, so replacing one fluorine layer with bromine 
softens the sheet by roughly 23%, consistent with the longer and more 
polarisable Ti–Br bond. Both values are well below the 340 N/m of 
graphene but comparable to those reported for transition-metal 
dichalcogenide and Janus monolayers. The Poisson ratio is 0.21 for 
both monolayers. In two dimensions the shear modulus coincides with 
C66, which is why these two columns of Table 2 carry identical values.

Phonon dispersion curves for TiF2 and TiFBr (Fig. 2), obtained on a 
4 × 4 × 1 supercell using the finite-displacement method, show no 
imaginary branches across the Brillouin zone other than a small residual 
in the out-of-plane acoustic (ZA) branch near Γ. The residual reaches 
about − 0.05 THz for TiF2 and about − 0.18 THz for TiFBr and is confined 
to wave vectors within 10–20% of the Γ–M distance, i.e., to wavelengths 
comparable to or longer than the 4 × 4 × 1 supercell. This is the regime 
in which finite-displacement force constants are least accurate: the ZA 

branch of a two-dimensional crystal disperses quadratically, and small 
violations of the translational and rotational invariance conditions on a 
finite supercell produce spurious imaginary frequencies near Γ [56,57]. 
We therefore attribute the residual to this numerical artefact rather than 
to a structural instability, noting that a definitive confirmation would 
require force constants with the invariance conditions imposed or larger 
supercells. Both monolayers therefore most likely correspond to local 
minima on the potential-energy surface. The phonon spectrum reflects 
the atomic masses: in TiF2 the light fluorine atoms dominate the 
high-frequency optical modes while titanium contributes mainly at low 
frequency, and in TiFBr the heavier bromine shifts part of this optical 
weight downward, compressing the overall phonon bandwidth relative 
to TiF2.

In the MLFF-MD runs at 300 K (Figs. 3 and 4), the total energy 
fluctuates by about ±1 eV per 48-atom supercell (about ±0.02 eV/ 
atom) without drift over 10 ps, and the temperature fluctuates around its 
target value of 300 K. Comparing the starting and final snapshots reveals 
neither broken bonds nor buckling or reconstruction of either surface; 
the mean Ti–F and Ti–Br bond lengths remain constant throughout the 
run, and the instantaneous lengths of individual bonds stay within 
16.7% (Ti–F) and 13.1% (Ti–Br) of their mean values, as expected for 
thermal vibrations at 300 K (Fig. S1, Supplementary Material). TiF2 and 
TiFBr monolayers are therefore mechanically and thermally stable, and 
most likely dynamically stable, in vacuum under near-ambient condi
tions; these tests do not address their chemical stability in water, which 
is discussed in Section 3.5.

3.2. Electronic Properties and Band-Edge Alignment

The HSE06 band structure of TiF2 identifies it as an indirect-gap 
semiconductor with a band gap of 2.08 eV; the PBE calculation gives 
1.24 eV. Janus TiFBr shows a direct band gap of 1.45 eV at the HSE06 
level versus 0.98 eV at PBE (Fig. 5). Both HSE06 gaps exceed the 1.23 eV 
thermodynamic minimum for water splitting and fall below roughly 
2.4 eV, the range usually quoted for single-absorber visible-light pho
tocatalysis [58–60]. The 1.23 eV figure is a thermodynamic floor rather 
than a practical one: kinetic overpotentials at the two half-reactions add 
several tenths of an electronvolt (allowances of 0.2 eV for the HER and 
0.6 eV for the OER are commonly assumed [31]), so a gap near 1.45 eV 
as found for TiFBr leaves little margin once these losses are included, 
whereas the 2.08 eV gap of TiF2 provides a larger margin at the cost of a 
narrower absorption range; these margins are quantified in Section 3.4.

The PBE band structures and partial densities of states (PDOS) in 
Fig. S2 (Supplementary Material) show that the highest occupied band, 
which forms the valence-band maximum (VBM), is predominantly of Ti 

Fig. 1. Crystal structures of the 1H (a) TiF2 and (b) Janus TiFBr monolayers, shown in side and top projection.

Table 2 
Calculated elastic constants Cᵢⱼ, 2D Young's modulus E, and shear modulus G (all 
in N/m), together with the dimensionless Poisson ratio ν, for the TiF2 and Janus 
TiFBr monolayers.

Monolayer C11 C12 C66 E G ν

TiF2 100.69 21.61 39.54 96.05 39.54 0.21
TiFBr 77.06 16.29 30.38 73.61 30.38 0.21
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3d character, consistent with the formal d2 configuration of Ti2+ and 
with other 1H d2 systems [21]; the conduction-band minimum (CBM) is 
also of Ti 3d character. The halogen p bands lie much deeper: the highest 
Br 4p band of TiFBr lies about 2.3 eV below the VBM, and the F 2p bands 
of TiF2 lie 5.46 eV below the VBM. These assignments follow from 
electron counting and the band topology of the 1H structure. The band 
gap is therefore of d–d type in both compounds. Relative to the vacuum 

level on the F-terminated side, the VBM of TiFBr lies 0.70 eV above that 
of TiF2 (− 5.29 versus − 5.99 eV), whereas the CBM is almost unchanged 
(− 3.84 versus − 3.91 eV; see below), so the smaller gap of TiFBr stems 
mainly from its higher VBM. The work function is obtained from 
Ref. [61]: 

Φ=Eᵥac − EF (Eq. 1) 

Fig. 2. Calculated phonon dispersions for (a) TiF2 and (b) Janus TiFBr monolayers. The small imaginary ZA frequencies near Γ are discussed in the text.

Fig. 3. Time evolution of the total energy over the MLFF-MD run at 300 K for (a) TiF2 and (b) Janus TiFBr monolayers.
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where Eᵥac is the potential energy of an electron in the vacuum region, taken from the planar-averaged electrostatic potential (Fig. 6), and EF 
the Fermi level. For the mirror-symmetric TiF2 monolayer a single value 

Fig. 4. Time evolution of the temperature over the MLFF-MD run at 300 K for (a) TiF2 and (b) Janus TiFBr monolayers.

Fig. 5. HSE06 electronic band structures of (a) TiF2 and (b) Janus TiFBr monolayers.
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of 5.14 eV applies to both surfaces. For Janus TiFBr the loss of mirror 
symmetry makes the two vacuum levels inequivalent, so the work 
function is face-dependent; the value of 4.56 eV reported here refers to 
the fluorine-terminated side and, since no dipole correction was applied, 
is an estimate that depends on the chosen reference point (see below); 
the Br-terminated side has a lower work function (Fig. 6(b)).

The electrostatic potential profiles in Fig. 6 show the origin of this 
difference. For TiF2 the potential converges to the same vacuum level of 
2.25 eV on both sides of the slab, as required by its mirror symmetry, and 
the Fermi level sits at − 2.90 eV. For TiFBr the potential in the vacuum 
region is not flat but decreases linearly from the F-terminated face, 
across the cell boundary (z = 0 ≡ 18.17 Å), to the Br-terminated face, 
with a slope of about 0.085 V Å− 1 (Fig. 6(b)). This slope is the artificial 
compensating field that arises when a polar slab is treated in a periodic 
cell without a dipole correction [62,63]. As a result, the potential just 
outside the fluorine-terminated face (3.04 eV) exceeds that just outside 
the bromine-terminated face (about 2.09 eV) by about 0.95 eV, whereas 
the two ends of the curve, which correspond to the same point of the 
periodic cell, have the same value.

Because no self-consistent dipole correction was applied, the face- 
dependent vacuum levels of TiFBr can only be estimated, and the 
following numbers indicate the likely scale of the effect rather than 
validated bounds. Over one cell height the compensating field changes 
the potential by 0.085 V Å− 1 × 18.17 Å ≈ 1.55 eV, part of which falls 
inside the slab; the dipole-corrected vacuum-level difference ΔΦ is 
therefore expected to lie roughly between these two values, 
0.95 eV ≲ ΔΦ ≲ 1.55 eV. This offset is the electrostatic signature of the 
intrinsic out-of-plane dipole. Because the potential energy of an electron 
in the vacuum is higher on the F-terminated side (i.e., the electrostatic 
potential is lower there), the built-in field is directed from the bromine- 
terminated toward the fluorine-terminated face; it drives photo
generated electrons toward the Br-terminated face, where the conduc
tion band lies higher relative to the local vacuum level, and holes toward 
the F-terminated face, where the valence band lies deeper [30]. The 
band edges and work function of TiFBr quoted here are referenced to the 
potential just outside the F-terminated face (3.04 eV). Because the 
compensating field also acts over the ≈3 Å between the middle of the 

slab and this reference point, the band edges (and the Fermi level) ob
tained in this way are probably too high: allowing for partial screening 
inside the slab, we estimate that dipole-corrected band edges might lie 
roughly 0.1–0.25 eV deeper (0.085 V Å− 1 × ≈3 Å ≈ 0.25 eV without 
screening), and the F-side work function would be larger by the same 
amount (still below the 5.14 eV of TiF2). This would shift the TiFBr 
window limits derived below to lower pH by about 2–4 units 
(0.1–0.25 eV divided by 0.059 eV per pH unit).

In TiF2 the valence and conduction edges fall at − 5.99 eV and 
− 3.91 eV; the equivalent edges in TiFBr sit at − 5.29 eV and − 3.84 eV. 
Their HSE06 alignment is sketched for both monolayers in Fig. 7. TiF2 
satisfies both criteria at pH = 0, with a band-edge offset of 0.32 eV for 
the OER and 0.53 eV for the HER; the HER driving force shrinks as pH 
rises and vanishes at pH 9.0, which sets the upper limit of its window. 
TiFBr does not meet the VBM requirement at pH = 0, where its valence 
edge lies 0.38 eV above the oxygen evolution level. At pH = 7 the 
oxidation level has shifted to − 5.26 eV and the TiFBr valence edge at 
− 5.29 eV lies only 0.03 eV below it, so the driving force for oxygen 
evolution at neutral pH is small; it grows to 0.21 eV at pH 10, close to the 
upper bound of the window set by the HER condition.

The pH-dependent positions of the water redox potentials follow 
[64]: 

Eᴴ+ / ᴴ2(pH) = − 4.44 + 0.059 × pH eV (Eq. 2) 

Eo2 / ᴴ2o(pH) = − 5.67 + 0.059 × pH eV (Eq. 3) 

Comparing these Nernst-shifted levels with the calculated band 
edges defines the operating window of each monolayer. For TiF2 the 
OER condition E_VBM < E_O2/H2O is met at every pH: the valence edge 
at − 5.99 eV already lies below the oxygen evolution level at pH 0, and 
that level rises with pH, reaching − 4.84 eV at pH 14. The limiting 
requirement is therefore the HER condition E_CBM > E_H+/H2, which 
gives − 3.91 > − 4.44 + 0.059 pH and holds up to pH 9.0. TiF2 thus 
straddles both potentials from pH 0 to about pH 9.0. For TiFBr the roles 
are reversed. Its shallower valence edge at − 5.29 eV satisfies the OER 
condition only above pH 6.4, while its conduction edge at − 3.84 eV 
meets the HER condition up to pH 10.2, so the active window runs from 

Fig. 6. Planar-averaged electrostatic potential along the surface normal for the (a) TiF2 and (b) Janus TiFBr monolayers. The vacuum level (red) and Fermi level 
(purple) are marked, and the arrow indicates the work function Φ (of the F-terminated face for TiFBr). The two vacuum levels are equivalent for TiF2. For TiFBr, the 
linear slope of the potential in the vacuum region (about 0.085 V Å− 1) is the compensating field of the periodic cell (no dipole correction), so the two ends of the 
curve, which correspond to the same point of the periodic cell, have the same value. The red line marks the potential just outside the F-terminated face (3.04 eV), 
which is used as the reference; it exceeds the potential just outside the Br-terminated face (about 2.09 eV) by about 0.95 eV, and the dipole-corrected vacuum-level 
difference is estimated to lie roughly between 0.95 and 1.55 eV (Section 3.2).

B. Djonfaga et al.                                                                                                                                                                                                                               International Journal of Hydrogen Energy 292 (2026) 158609 

6 



roughly pH 6.4 to pH 10.2 (Fig. 8; F-side reference, see below). TiF2 
therefore satisfies the thermodynamic criteria in the acidic and near- 
neutral range and TiFBr from neutral to alkaline conditions, and the 
two overlap between pH 6.4 and 9.0, where either monolayer satisfies 
both half-reactions. Together the two windows span pH 0–10.2 rather 
than the full pH scale, and these thermodynamic windows narrow 
considerably once kinetic overpotentials are taken into account (Section 
3.4). These windows are screening estimates: the vacuum-referenced 
band edges are held fixed while the redox levels shift with pH (Eqs. 
(2) and (3)), and electrolyte-induced band-edge shifts and surface 
chemistry are not included. For the Janus layer, the analysis above 

references both band edges to the F-side vacuum level; the estimated 
dipole correction would move the TiFBr window by 2–4 pH units toward 
acidic conditions. Relative to the vacuum level on the Br-terminated 
side, which is lower by ΔΦ, the CBM lies at − 3.84 eV + ΔΦ, i.e., at 
about − 2.9 eV (for ΔΦ = 0.95 eV) or higher. If the HER takes place on 
the Br-terminated face, toward which the built-in field drives the elec
trons, the HER condition is therefore met at all pH, and the window of 
TiFBr is limited only by the OER condition on the F-terminated face (pH 
≳ 6.4) [30,31]. This is a thermodynamic argument based on the band 
edges and the electrostatic potential; the reaction intermediates were 
not computed (Section 3.5). The internal electric field can thus promote 

Fig. 7. HSE06 band-edge positions of the (a) TiF2 and (b) Janus TiFBr monolayers on the vacuum and NHE scales, with the work function Φ and the Fermi level EF 
indicated (TiFBr: referenced to the vacuum level on the F-terminated side). The water reduction and oxidation potentials are shown at pH = 0 for both panels and 
additionally at pH = 7 for TiFBr.

Fig. 8. HSE06 band edges of the (a) TiF2 and (b) Janus TiFBr monolayers compared with the water reduction and oxidation potentials as a function of pH. The pH 
range over which both redox conditions are satisfied is highlighted with a yellow rectangle. TiFBr band edges are referenced to the vacuum level on the F-termi
nated side.
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the spatial separation of photogenerated carriers [28,61]; because both 
band edges are of Ti 3d character, however, this separation is expected 
to be partial, and quantifying it would require an analysis of the 
band-decomposed charge densities.

3.3. Optical Properties

Optical response is reported as absorptance, reflectance, and trans
mittance, which are dimensionless fractions rather than the bulk ab
sorption coefficient α(ω). They were obtained for a free-standing layer at 
normal incidence from the sheet conductivity σ2D(ω) = iε0ωL[1 − ε(ω)], 
where ε(ω) is the in-plane dielectric function computed for the supercell 
of height L [48,49]: 

A(ω)=Re σ̃(ω)
/

|1 + σ̃(ω)/2|2 (Eq. 4) 

R(ω)= |σ̃(ω)/2|2
/

|1 + σ̃(ω)/2|2 (Eq. 5) 

T(ω)=1
/

|1 + σ̃(ω)/2|2 (Eq. 6) 

where õ = σ2D/(ε0c). Because ε(ω) − 1 scales as 1/L, σ2D and hence A, R 
and T are independent of the vacuum thickness, and no effective layer 
thickness is needed; they represent the fraction of incident light absor
bed, reflected or transmitted by a single free-standing layer. At each 
photon energy the three quantities satisfy A + R + T = 1 by energy 
conservation; the values quoted below are rounded independently, so 
their sums may deviate from unity by up to 0.1 percentage points. The 

dielectric functions in Fig. 9(a) and 10(a), by contrast, are those of the 
supercell (L ≈ 18 Å), so their absolute magnitudes depend on L. The 
spectra in Figs. 9 and 10 were computed at the PBE level in the 
independent-particle approximation (Table 1). Since PBE un
derestimates the gap, the interband transitions in these figures appear at 
too low energies, which is why the absorption maxima lie below the 
HSE06 gaps; within the scissor approximation they are shifted rigidly by 
the HSE06–PBE gap difference. The scissor-corrected spectra, obtained 
by shifting ε2(ω) rigidly by Δ = 0.84 eV for TiF2 and 0.47 eV for TiFBr, 
are summarised in Table 3 and Fig. 11. For these spectra, Re ̃o = (ωL/c)ε2 
was obtained from the computed PBE absorptance by inverting Eq. (4), 
shifted rigidly and inserted again into Eq. (4); the term (Im õ/2)2, which 
involves ε1, contributes less than about 0.5% to the denominator of Eq. 
(4) for these monolayers and was neglected, so that no Kramers–Kronig 
transformation of the shifted spectra was required. AM1.5G-weighted 
quantities were integrated over 0.31–4.43 eV (280–4000 nm), within 
the computed spectral range. Unless stated otherwise, energies quoted in 
the remainder of this section refer to the PBE spectra.

Fig. 9(a) and 10(a) present the real and imaginary parts of the 
complex dielectric function, ε1(ω) and ε2(ω), along the xx and yy di
rections for TiF2 and TiFBr, respectively. The static value ε1(0) is 
approximately 4.9 for TiF2 and 7.0 for TiFBr (supercell values for cells of 
nearly equal height); the larger value for the Janus monolayer is 
consistent with its smaller band gap through the Penn relation, since 
ε1(0) − 1 scales inversely with the square of an effective gap. The 
principal maximum of ε1(ω) occurs at 1.3 eV for TiF2 and 0.95 eV for 
TiFBr, in both cases just below the main ε2 peak, as expected from the 
Kramers–Kronig relation between the real and imaginary parts. Above 

Fig. 9. Optical response of the TiF2 monolayer between 0 and 6 eV calculated at the PBE level: (a) supercell dielectric function split into its real ε1(ω) and imaginary 
ε2(ω) parts, together with (b) absorptance, (c) reflectance and (d) transmittance. A rainbow bar delimits the visible window; xx and yy components are indistin
guishable. Scissor-corrected spectra are shown in Fig. 11.
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these maxima ε1(ω) falls steeply and becomes negative, reaching − 1.8 
near 3.1 eV for TiF2 and − 2.1 near 2.1 eV for TiFBr. A negative ε1 does 
not imply metallic character, which is excluded here by the finite band 
gap; it marks a spectral region of anomalous dispersion immediately 
above a strong interband transition. Both curves recover positive values 
by 4 eV. The xx and yy components coincide throughout, consistent with 
the in-plane isotropy imposed by the threefold rotational symmetry of 
both point groups (D3h and C3v).

Fig. 9(b) and 10(b) show the in-plane absorptance obtained at the 
PBE level. TiF2 rises sharply from an onset near 1.2 eV to a maximum of 
12.9% at 1.95 eV, with a shoulder at 2.6 eV, before decaying above 
3.3 eV. TiFBr reaches a lower maximum (11.0%) at lower energy 
(1.35 eV); its absorptance then falls to a minimum of about 0.6% be
tween 2.8 and 3.2 eV before a second interband feature grows above 
4 eV and reaches 7.7% at 5.8 eV. After the scissor correction (Table 3 and 

Fig. 11), the main absorption peak of TiF2 moves to about 2.8 eV (about 
445 nm, blue) and that of TiFBr to about 1.8 eV (about 690 nm, red), and 
the peak absorptances rise to about 17% and 14%, respectively. The 
increase arises because, for a weakly absorbing sheet, Eq. (4) reduces to 
A(ω) ≈ Re õ(ω) = (ωL/c) ε2(ω), i.e., A is proportional to the product of 
the photon energy and ε2; a rigid shift of ε2 by Δ therefore multiplies the 
absorptance by roughly ħω/(ħω − Δ), which raises the main peaks by 
about 30–40%. The corrected spectra therefore place the leading tran
sitions of both monolayers inside the visible range, with TiFBr absorbing 
most strongly in the red and TiF2 in the blue, although the two bands 
overlap between about 2.1 and 2.6 eV; the absorption minimum of TiFBr 
moves to about 3.3–3.7 eV.

Weighting the corrected spectra with the AM1.5G photon flux [53], 
with the absorptance set to zero below the HSE06 gap to remove the 
broadening tail, gives absorbed photon fluxes equivalent to 1.5 mA cm− 2 

for TiF2 and 3.1 mA cm− 2 for TiFBr, about 12% and 10% of the photons 
available above the respective gaps (12.9 and 30.8 mA cm− 2). A single 
TiFBr layer thus absorbs about twice as many solar photons as a TiF2 
layer, because its absorption band lies at lower photon energies, where 
the AM1.5G photon flux is larger. Absorptance values of 10–20% for a 
single layer are typical for 2D semiconductors and correspond to strong 
absorption per unit thickness [65], but a single layer captures only a 
small fraction of the incident sunlight: for N electronically decoupled 
layers, neglecting reflection and interference, Jabs,N = q

∫
Φ(E) 

[1 − (1 − A1(E))N] dE gives about 69% (TiF2) and 62% (TiFBr) of the 
above-gap photons for N = 10. Practical devices would therefore rely on 
multilayer stacking or light trapping, or on heterostructures [66].

The reflectance spectra in Fig. 9(c) and 10(c) track the absorptance 

Fig. 10. Optical response of the Janus TiFBr monolayer between 0 and 6 eV calculated at the PBE level: (a) supercell dielectric function split into its real ε1(ω) and 
imaginary ε2(ω) parts, together with (b) absorptance, (c) reflectance and (d) transmittance. A rainbow bar delimits the visible window; xx and yy components are 
indistinguishable. Scissor-corrected spectra are shown in Fig. 11.

Table 3 
Main absorption peak of the TiF2 and Janus TiFBr monolayers from the PBE 
spectra and after the scissor correction (Δ = Eg

HSE06 − Eg
PBE), together with the 

AM1.5G photon flux absorbed by a single layer (absorptance set to zero below 
the HSE06 gap), expressed as an equivalent current density Jabs, and the cor
responding value for complete absorption above the HSE06 gap, Jmax. Peak 
positions are given to ±0.05 eV.

Monolayer Δ 
(eV)

PBE peak: E 
(eV)/A (%)

Corrected peak: E 
(eV)/λ (nm)/A (%)

Jabs (mA 
cm− 2)

Jmax (mA 
cm− 2)

TiF2 0.84 1.95/12.9 ≈2.8/≈445/17 1.5 12.9
TiFBr 0.47 1.35/11.0 ≈1.8/≈690/14 3.1 30.8
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Fig. 11. (a) Scissor-corrected absorptance of the TiF2 (blue) and Janus TiFBr (orange) monolayers (solid lines) compared with the PBE spectra of Fig. 9(b) and 10(b)
(dashed lines); the ticks above the panel mark the HSE06 gaps and the grey band the visible range. (b) AM1.5G photon flux and the photon flux absorbed by a single 
layer of each monolayer (absorptance set to zero below the HSE06 gap), expressed as equivalent current densities.

Fig. 12. (a) Driving forces χ(H2) (solid lines) and χ(O2) (dashed lines) of TiF2 (blue) and TiFBr (orange; F-side reference) as a function of pH, compared with the 
overpotential allowances of 0.2 eV (HER) and 0.6 eV (OER) (dotted lines); the green band marks the window in which TiF2 meets both allowances. (b) Theoretical 
STH efficiency limit of TiF2 from Eqs. (7)–(9), assuming that all photons above the gap are absorbed. Between pH 4.7 and 5.6 (solid line, green band) the band edges 
provide both allowances and the limit is 15.8%; outside this range (dashed line) part of the photon energy must supply the missing overpotential, which lowers the 
limit (9.9% at pH 0 and 13.9% at pH 7; idealised upper bounds of the model); above pH 9.0 the conduction band lies below the H+/H2 level and no limit is defined. 
No limit is shown for TiFBr (see text).
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curves, as expected when both derive from the same interband transi
tions. Reflectance vanishes at zero photon energy and peaks at 0.48% at 
1.87 eV for TiF2 and at 0.37% at 1.25 eV for TiFBr. These values are 
below one percent throughout, so reflection losses are negligible for a 
free-standing monolayer and essentially all light that is not absorbed is 
transmitted.

Fig. 9(d) and 10(d) show the corresponding transmittance. TiF2 falls 
to a minimum of 86.7% at 1.95 eV, mirroring its absorptance maximum, 
and recovers to above 99% beyond 4 eV. TiFBr reaches its minimum of 
88.7% at 1.35 eV, then rises to a maximum of 99.4% near 3.1 eV, where 
in the PBE spectrum the material is almost transparent across the blue 
and violet range, and decreases steadily thereafter to 92% at 6 eV as the 
ultraviolet interband transitions switch on. The monotonic ultraviolet 
decrease for TiFBr is the complement of the second absorptance feature 
noted above.

3.4. Driving Forces, Operating Windows and Solar-To-Hydrogen 
Efficiency

The band-edge criteria used in Section 3.2 are thermodynamic. To 
drive the reactions at useful rates, photogenerated carriers must also 
overcome kinetic overpotentials, for which allowances of 0.2 eV for the 
HER and 0.6 eV for the OER are commonly adopted when 2D photo
catalysts are assessed [31,52]. Fig. 12(a) compares the driving forces 
χ(H2) = ECBM − EH

+
/H2 and χ(O2) = EO2/H2O − EVBM with these allowances, 

and Table 4 summarises the resulting windows. For TiF2, χ(H2) de
creases from 0.53 eV at pH 0 while χ(O2) increases from 0.32 eV, so both 
allowances are met only between pH 4.7 and 5.6; the thermodynamic 
window of pH 0–9.0 thus contracts to a narrow, mildly acidic range once 
kinetic losses are included. Because the gap of TiF2 exceeds 1.23 eV +
0.8 eV by only 0.05 eV, this window is sensitive to the uncertainty of the 
computed band edges. For TiFBr with a common F-side vacuum refer
ence, the two driving forces add up to χ(H2) + χ(O2) = Eg − 1.23 eV =
1.45 − 1.23 = 0.22 eV at every pH; this total is well below the 0.2 + 0.6 
= 0.8 eV required by the two allowances, so they cannot be met 
simultaneously at any pH. Within the thermodynamic window (pH 
6.4–10.2), χ(O2) = − 0.38 eV + 0.059 eV × pH rises from zero at pH 6.4 
to only 0.22 eV at pH 10.2. The built-in field of TiFBr raises the 

conduction band on the Br-terminated face (Section 3.2) but does not 
deepen the valence band relative to the F-side vacuum level: in a 
two-face model in which hydrogen evolves on the Br-terminated face, 
the OER allowance on the F-terminated face would still require 
pH ≈ 16.6, outside the 0–14 range (≈12.4 if the dipole-corrected band 
edges lie 0.25 eV deeper). Within these models, TiFBr is therefore not 
expected to sustain overall water splitting on its own, although its 
conduction band offers a large driving force for hydrogen evolution, for 
example in the presence of a sacrificial electron donor.

The theoretical STH efficiency limit is the product of the light- 
absorption efficiency ηabs and the carrier-utilisation efficiency ηcu [31]: 

ηabs =

∫

Eg

∞

P(ħω) d(ħω)
/∫

0

∞

P(ħω) d(ħω) (Eq. 7) 

ηcu =ΔG
∫

E

∞

[P(ħω) / ħω]d(ħω)
/ ∫

Eg

∞

P(ħω) d(ħω) (Eq. 8) 

ηSTH = ηabs × ηcu (Eq. 9) 

where P(ħω) is the AM1.5G spectral irradiance [53], ΔG = 1.23 eV, and 
E is the lowest photon energy that can be used once the allowances are 
imposed: E = Eg if χ(H2) ≥ 0.2 eV and χ(O2) ≥ 0.6 eV; E = Eg + 0.2 eV −
χ(H2) if χ(H2) < 0.2 eV and χ(O2) ≥ 0.6 eV; E = Eg + 0.6 eV − χ(O2) if 
χ(H2) ≥ 0.2 eV and χ(O2) < 0.6 eV; and E = Eg + 0.8 eV − χ(H2) − χ(O2) 
otherwise [31].

The results are shown in Fig. 12(b) and Table 4. For TiF2 
(Eg = 2.08 eV), 33.1% of the AM1.5G power lies above the gap 
(ηabs = 33.1%). Between pH 4.7 and 5.6 both allowances are met, so that 
E = Eg, ηcu = 47.8% and ηSTH = 15.8%. Outside this range, part of the 
photon energy must supply the missing overpotential, which raises E 
and lowers the limit: at pH 0, χ(O2) = 0.32 eV, so that E = Eg + 0.6 eV −
0.32 eV = 2.36 eV, ηcu = 29.9% and ηSTH = 9.9%; at pH 7, 
χ(H2) = 0.12 eV, so that E = 2.16 eV and ηSTH = 13.9%. These values are 
idealised upper bounds of the adopted model rather than predicted ef
ficiencies; outside the window they additionally assume that the excess 
photon energy can supply the missing overpotential, which is not 
guaranteed once carriers have relaxed to the band edges. These limits 
assume that every photon above the indirect gap is absorbed; taking the 
lowest direct transition, about 0.1 eV higher, as the absorption threshold 
lowers the limit to about 13%, and with the computed absorptance of a 
single layer (Section 3.3) the limit inside the window is about 1.9%. For 
TiFBr, the band edges do not provide both allowances at any pH below 
≈12, so no meaningful STH limit can be given (Table 4, footnote c).

3.5. Chemical Stability, Synthesis and Scope of the Present Assessment

The tests in Section 3.1 indicate that both monolayers are most likely 
local minima of the potential-energy surface that withstand thermal 
agitation in vacuum; they do not establish thermodynamic stability with 
respect to competing phases, nor chemical stability in water. For TiF2, 
the 1H monolayer is the lowest-energy monolayer polymorph and lies 
below fluorite-type bulk TiF2 at the PBE level [26]. Bulk TiF2 itself, 
however, is thermodynamically metastable, has been prepared only 
under high pressure, and its disproportionation into TiF3 and Ti is nearly 
thermoneutral [67]. Whether the monolayers are stable with respect to 
mixtures of Ti and higher titanium halides therefore cannot be decided 
from the available data, because the errors of semilocal functionals in 
fluoride formation energies are comparable to the energy differences 
involved; for Janus TiFBr, decomposition into TiF2 and TiBr2 and con
version into other polytypes must also be considered. A convex-hull 
analysis with corrected formation energies, which we have not per
formed, is needed to settle these questions. Possible synthesis routes are 
suggested by related systems. TiCl2, TiBr2 and TiI2 exist as layered bulk 
compounds [16], and transition-metal dihalide layers down to the 

Table 4 
Driving forces for the HER and OER at pH 0 and 7, thermodynamic operating 
windows, windows with overpotential allowances of 0.2 eV (HER) and 0.6 eV 
(OER), and theoretical STH efficiency limits. TiFBr band edges are referenced to 
the vacuum level on the F-terminated side.

System χ(H2), 
pH 0/7 
(eV)

χ(O2), 
pH 0/7 
(eV)

Thermodynamic 
window (pH)

Window 
with 
allowances 
(pH)

ηSTH limit 
(%)

TiF2 0.53/ 
0.12

0.32/ 
0.73

0–9.0 4.7–5.6 15.8 (pH 
4.7–5.6); 
9.9 (pH 0)a; 
13.9 (pH 
7)a

TiFBr 0.60/ 
0.19

− 0.38/ 
0.03

6.4–10.2b nonec –c

a Outside the window, Eqs. (7)–(9) assume that photons above the gap supply 
the missing overpotential (idealised upper bound).

b TiFBr edges referenced to the F-side vacuum level; dipole-corrected edges 
might lie roughly 0.1–0.25 eV deeper (Section 3.2), which would shift these 
limits to lower pH by about 2–4 units.

c χ(H2) + χ(O2) = Eg − 1.23 eV = 0.22 eV < 0.8 eV, so the two allowances 
cannot be met simultaneously; even in a two-face model with hydrogen evolu
tion on the Br-terminated face, the OER allowance would require pH ≈ 16.6 
(≈12.4 for band edges 0.25 eV deeper). In the branch where both driving forces 
fall below their allowances (pH ≳ 6.8 within the thermodynamic window), Eqs. 
(7)–(9) with a common reference formally return about 17%, which is the value 
for an ideal 2.03 eV absorber for any material (E = Eg + 0.8 eV −
χ(H2) − χ(O2) = 2.03 eV) and is therefore not a property of TiFBr.
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monolayer limit have been grown by vapour deposition and epitaxy [68, 
69]. Janus TMD monolayers have been obtained by replacing one 
chalcogen layer of a parent monolayer, either at elevated temperature 
[70,71] or at room temperature with reactive radical precursors [72]; an 
analogous partial fluorination of a TiBr2 monolayer could in principle 
yield TiFBr. Fluorination of 2D materials with XeF2 is established for 
graphene [73], but such fluorinating agents are corrosive, attack 
Si-based substrates [73] and are likely to oxidise Ti2+ further, so con
trolling the depth and selectivity of fluorination remains a key 
challenge.

Chemical stability in water is the most serious open question. Tita
nium in both layers is formally Ti2+, which is strongly reducing: aqueous 
Ti(II) is readily oxidised and reduces water [74], so bare Ti2+ layers are 
expected to be prone to oxidation in water. Related Ti-based 2D mate
rials also degrade in water; Ti3C2Tx MXenes, for instance, hydrolyse to 
TiO2 even in the absence of dissolved O2 [75]. ≡Ti–F groups on TiO2 
surfaces persist under acidic conditions, with maximal fluorination near 
pH 3, and are replaced by hydroxyl groups in basic media [76,77]; by 
analogy, the F-terminated surfaces might offer some kinetic protection 
in acidic electrolytes, whereas hydroxide exchange would accelerate 
degradation in neutral and alkaline media, where the TiFBr window lies. 
Under illumination, holes in the narrow Ti 3d valence band could oxi
dise Ti2+ to Ti3+, which may contribute to photocorrosion and hinder 
hole transfer to water; this mechanism was not evaluated here. Practical 
use would therefore require protection strategies demonstrated for un
stable 2D crystals and photoelectrodes, such as encapsulation in hex
agonal boron nitride [78] or thin protective oxide overlayers [79], 
designed so that water can still reach the catalytically active sites. Since 
Ti2+ can also release H2 stoichiometrically through corrosion, experi
mental tests should distinguish photocatalytic from corrosion-derived 
hydrogen, for example by showing H2 evolution well beyond the 
amount attributable to corrosion of the Ti2+ present, sustained activity, 
post-reaction characterisation and, for overall water splitting, the ex
pected 2:1 H2:O2 stoichiometry. A quantitative assessment of photo
corrosion, for instance through the thermodynamic oxidation and 
reduction potentials of the layers [80], is left for future work.

Finally, the present assessment concerns the intrinsic properties of 
the light absorber. The free energies of the HER and OER intermediates 
(H*, OH*, O*, OOH*) on the F- and Br-terminated faces and on defect 
sites were not computed. For the related 1H-TiBr2 monolayer, the pris
tine basal plane binds H and O only weakly, whereas halogen vacancies 
create strong chemisorption sites [22]; the catalytically active sites of 
TiF2 and TiFBr are therefore likely to involve defects, edges or co
catalysts, as in the most efficient particulate photocatalysts [8,9]. A 
computational-hydrogen-electrode study of such sites [81,82] is 
required to assess their catalytic activity. Excitonic effects were also not 
included. Exciton binding energies of several tenths of an electronvolt 
are typical of 1H dihalides and dichalcogenides, for example about 
0.56 eV calculated for free-standing 1H-TiBr2 [21] and 0.32 eV 
measured for WS2 on SiO2 [83]; they can be estimated from the 
two-dimensional polarisability and the carrier effective masses [84], 
while the influence of aqueous dielectric screening on exciton binding in 
these monolayers remains to be quantified. Efficient exciton dissociation 
is therefore expected to depend mainly on interfaces with cocatalysts or 
other semiconductors. Carrier mobilities, which require 
deformation-potential or electron–phonon calculations, were likewise 
not evaluated, and heterostructures, including a combination of TiF2 
and TiFBr, were not modelled; the 13% lattice mismatch between the 
two monolayers would require large commensurate supercells.

4. Conclusions

TiF2 and Janus TiFBr monolayers were studied with density func
tional theory to assess their potential as photocatalysts for solar-driven 
water splitting. Both adopt the trigonal-prismatic 1H structure (space 
groups P-6m2 and P3m1), satisfy the elastic stability criteria and retain 

their structure during 10 ps MLFF-MD runs at 300 K in vacuum, and 
their phonon spectra are consistent with dynamical stability apart from 
small residual imaginary ZA frequencies near Γ; for TiF2, the 1H phase is 
also the lowest-energy monolayer polymorph. At the HSE06 level, TiF2 
has an indirect gap of 2.08 eV and TiFBr a direct gap of 1.45 eV, both of 
d–d character.

The band edges of TiF2 straddle the water redox potentials from pH 
0 to 9.0 and those of TiFBr from pH 6.4 to 10.2 (a window that a dipole 
correction might move by roughly 2–4 pH units toward acidic condi
tions), but these thermodynamic windows shrink once kinetic losses are 
considered. With overpotential allowances of 0.2 eV for the HER and 
0.6 eV for the OER, the band edges of TiF2 satisfy both allowances only 
between pH 4.7 and 5.6, where its idealised STH limit reaches 15.8% for 
complete absorption above the gap, whereas TiFBr lacks the OER driving 
force for standalone overall water splitting below pH ~ 12. The intrinsic 
dipole of TiFBr creates a vacuum-level difference between its faces, 
estimated at 0.95–1.55 eV without a dipole correction, which raises its 
conduction band on the Br-terminated side and makes TiFBr more 
suitable for hydrogen evolution than for overall water splitting. After 
correction to the HSE06 gaps, the main absorption peaks lie at about 
2.8 eV for TiF2 and 1.8 eV for TiFBr, in the blue and the red part of the 
visible spectrum, respectively; a single TiFBr layer absorbs about twice 
as many AM1.5G photons as a TiF2 layer, but each absorbs only 10–12% 
of the photons above its gap.

Taken together, these results identify TiF2 as a candidate photo
catalyst for overall water splitting under mildly acidic conditions and 
TiFBr as a candidate for hydrogen evolution whose built-in field raises 
its conduction band on the Br-terminated side. Their practical use de
pends on questions that the present study does not resolve and that we 
regard as priorities for future work: the free energies of reaction in
termediates on pristine and defective surfaces, dipole-corrected and 
heterostructure band alignments, excitonic effects and carrier mobil
ities, and, above all, the chemical stability of Ti2+-based layers in 
aqueous electrolytes together with practical routes to their synthesis.
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