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Abstract

The effect of LiPF¢ acidity, represented by LiPF¢-xHF adduct formation and its interaction
with fluoride species, on the surface reactivity and stability of LiPFs was investigated
using density functional theory (DFT) calculations performed with the Vienna Ab initio
Simulation Package (VASP). The exchange—correlation energy was described using the
Perdew-Burke-Ernzerhof (PBE) functional within the Generalized Gradient Approximation
(GGA). Four distinct surface terminations of the (003) and (101) facets—F4-P2-Li, P2-F3-Li,
Li2-F3-P, and F4-Li2-P were systematically examined. Surface and adsorption energies
were evaluated together with key electronic descriptors, including the work function, dipole
moment, electron localization function (ELF), electrostatic potential, band structure, and
density of states, to elucidate the mechanisms governing adsorption and stability. The (101)
facet exhibits a pronounced susceptibility to HF-induced solvation, driven by enhanced
surface polarity, a low work function, and intermolecular H-F interactions at lithium-
exposed terminations. In contrast, the thermodynamically dominant (003) facet shows
greater resistance to HF interaction, with adsorption remaining predominantly molecular
and progressing toward deliquescence only at elevated HF concentrations. Fluorine-rich
and charge-balanced terminations on both facets display enhanced stability, characterized
by high work functions, minimal ELF redistribution, and suppressed charge transfer.

Keywords: LiPF¢; HF; fluoride ions; DFT; VASP; work function; reactivity and stability

1. Introduction

Lithium hexafluorophosphate (LiPFg) is a common electrolyte salt used in commercial
lithium-ion batteries due to its high ionic conductivity, wide electrochemical stability
window, and compatibility with carbonate-based solvents, thus enabling high energy
density and reliable electrochemical performance [1,2]. Regardless of these advantages,
LiPFg suffers from low chemical stability, mainly due to its susceptibility to hydrolysis
and thermal decomposition, which leads to the formation of hydrogen fluoride (HF) and
fluoride-containing species. Even trace amounts of HF are highly detrimental to the
battery performance, as these species can accelerate degradation of both cathode and anode
materials and promote undesired interfacial reactions [3]. Degradation induced by HF
typically occurs through reactions with electrolyte components and electrode surfaces,
resulting in the formation of LiF-rich solid electrolyte interphase (SEI). While LiF can
contribute to the mechanical stability of the SEI, excessive accumulation leads to an increase
in interfacial resistance, hinders lithium-ion transport, and alters interfacial morphology,
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even at very low HF concentrations [4,5]. Consequently, minimizing HF content in LiPFg-
based electrolytes is critical for improving battery efficiency, lifetime, and safety.

Although LiPF4 has been employed in energy storage technologies for decades [6].
Its synthesis remains chemically demanding, and the attainment of electronic-grade LiPFg
is even more challenging—traditional experimental methods, such as those reported by
Kemmitt et al. [7] and Stacey [8], involve dissolving lithium fluoride (LiF) in anhydrous
HE, followed by reaction with phosphorus pentafluoride (PF5) gas at ambient temperature.
These methods typically yield crude LiPFg contaminated with residual HF, requiring
extensive purification. Furthermore, LiPFg is prone to post-synthesis degradation upon
exposure to trace moisture, initiating subsequent hydrolysis reactions that generate HF as a
by-product, as represented below by Equations (1)—(3) [9]:

LiPFg + H,O — LiF + POF; + 2HF 1)
POF; + H,O — POF,(OH) + HF )
POF,(OH) + H,0 — POF(OH), + HF 3)

In addition to hydrolysis, LiPFg can undergo spontaneous thermal decomposition at
room temperature to form PFs5, which readily reacts with residual moisture to produce
HF [2,9]. In HF-containing environments, LiPF¢ is known to form adducts of the type
LiPF4-xHF [10]. Kinetic studies have shown that these HF-coordinated species exhibit
higher activation energies for thermal decomposition compared to anhydrous LiPFg, sug-
gesting enhanced visible stability arising from adduct formation [11]. As a result, LiPFs-xHF
complexes are often significant constituents of crude LiPF4 materials, making their struc-
tural and electronic characterization essential for improving synthesis, purification, and
handling strategies. Since the electronic structure—particularly the band-gap magnitude—
plays a key role in determining chemical reactivity and electron-accepting ability [12],
understanding the electronic properties of HF-containing LiPF4 species is also important
for assessing their reactivity and for the development of purification methods thereof.

In addition to the synthesis-related issues, the presence of HF and fluoride species
strongly influences the electrolyte-electrode interactions during the battery operation [3,13].
In particular, fluoride ions (F~), generated through LiPFs decomposition, interact strongly
with lithium ions, leading to LiF formation at electrode interfaces. While controlled LiF
formation can stabilize the SEI, excessive fluoride accumulation leads to thick, poorly con-
ductive interphases that degrade lithium-ion transport and increase cell resistance. More-
over, fluoride ions may coordinate with phosphorus centers in LiPFg, altering electrolyte
speciation, solubility, and chemical stability, thereby further complicating degradation
pathways [14].

Therefore, surface chemistry plays a critical role in these processes, as interfacial
reactions are governed by surface-specific interactions between adsorbates and distinct
crystallographic terminations. Surface-sensitive theoretical studies have demonstrated that
adsorption energetics, surface stability, and electronic structure vary significantly with
surface orientation and termination, providing a more realistic description of electrolyte—
solid interfaces than bulk models alone [15,16]. In this context, a detailed atomistic un-
derstanding of HF and F~ interactions with LiPF4 surfaces is necessary to elucidate the
mechanisms influencing the addition of these adsorbates, surface stabilization, and crystal
growth behavior.

In this work, density functional theory (DFT) calculations are employed to thoroughly
investigate the interaction of HF and F~ with different LiPF¢ surface terminations. The
surface energies of low-index (101) and (003) LiPFg facets are evaluated to identify the
most stable surface orientations, followed by an analysis of adsorption energetics, an analy-

https://doi.org/10.3390/surfaces9010026


https://doi.org/10.3390/surfaces9010026

Surfaces 2026, 9, 26

30f21

sis of the electron localized function (ELF) isosurfaces, and an analysis of local potential
profiles to obtain work function, ionization potential, and electron affinity for each surface-
adsorbent complex. Lastly, the electronic structure was analyzed to obtain the density of
states (DOS) properties, band gap, and optical properties. Through correlating surface
stability with reactivity, this study aims to identify surface orientations that are less prone
to HF incorporation, thereby providing fundamental insights that may guide the devel-
opment of improved synthesis and purification strategies for low-HF LiPFg electrolytes.
Moreover, theoretical insight into the interactions between fluoride ions (F~) and LiPFg or
any surface reactivity of LiPFg can enable the rational design of materials with improved
optoelectrochemical properties for battery and energy-storage applications.

2. Materials and Methods
Computational Details

The Fm-3m structural model was used for all bulk and surface calculations. The
bulk Fm-3m LiPFy crystal structure was generated from the corresponding Fm-3m NaPFg
structure by substituting Na atoms with Li atoms, followed by full structural optimization
using the methodology described by Lekgoathi et al. [2,16]. The representative bulk
structure and surface slab models were visualized on Visualization for Electronic and
Structural Analysis (VESTA 3) [17]. The MedeA software environment from Materials
Design, V 3.9.1 was used to execute DFT calculations of the LiPF bulk structure and surface
slab models as implemented in the Vienna ab initio Simulation Package 5.4 (VASP) [18,19],
which is used for describing the interactions. DFT using the VASP was employed for
all calculations [2]. The valence interactions were described employing the projector
augmented wave (PAW) method. The exchange—correlation energy was described using the
Perdew-Burke-Ernzerhof (PBE) functional within the Generalized Gradient Approximation
(GGA), as it is known to improve the approximations for density functional and other
properties of electronic systems [20,21], similar to the works of Kubaib and Imran (2023) [12].
A non-spin polarized calculation using normal precision was performed using a default
plane wave cut-off energy of 600 eV. The electronic iterations convergence was 1 x 1075 eV
using the Normal (blocked Davidson) algorithm, which is known to be more robust and
reliable for studying a large number of varying systems, such as liquids, solids, and
metallic and semiconducting materials in both simple metals and transition metals [22],
and reciprocal space projection operators. The k-spacing setting was set at various values
for each slab. The bulk structure was optimized at a I-centered Monkhorst-Pack mesh
of 3 x 3 x 3 k-points, and the cell volume, shape, and atom positions were allowed to
change during geometry optimization. This arrangement corresponds to the k-spacing
of 0.493 x 0.493 x 0.493 per Angstrom. A Gaussian smearing with a width of 0.05 eV
was applied to all geometry optimization calculations to improve the convergence of
the Brillouin zone [22]. Surface slab models corresponding to the (003) and (101) facets
were constructed from the optimized bulk structure. Stoichiometric terminations were
considered. A vacuum region of at least 20 A was applied normally (z-axis) to the surface
to prevent false interactions between periodic images. For the LiPFg (101) and (003) facets,
only the cell volume was allowed to change during geometry optimization. The electronic
properties and energies were obtained using fixed structures in a single-point calculation.
A cut-off energy of 600 eV and I'-centered Monkhorst-Pack meshes of 6 x 5 x 1 and
6 X 6 x 1 k-points were used for the (101) and (003) surfaces, respectively. The maximum
steps were 500 after 60 iterations. The Fermi energy (Ef) is the zero of the energy scale. The
solvent dielectric constant of HF was taken into account for HF at 0 K [23]. Heat capacity
calculations were carried out using a mechanical properties simulation package (MT) tool
of the MedeA software suite and compared to the literature experimental values [24]. The
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heat capacity at constant pressure may be derived from the MedeA output (Cv) value using
Equation (4).
o2
Cp—Cp= VT(ﬁT) 4)
where « is the thermal expansion coefficient and Bt is the thermal compressibility or the
inverse of the bulk modulus. All calculations were performed at ground state, i.e., both the
surface and adsorption energies were obtained at 0 K.

3. Results
3.1. Bulk and Surface Structures of LiPF;

LiPF4 exists in two different phases, the R3m [25] and the Fm-3m [16]. The Fm-
3m cubic phase of LiPFs was used as the bulk reference, providing a high-symmetry,
computationally efficient structure with averaged PFs ™ anion orientations. Surface slabs for
the (003) and (101) facets were constructed from this model, allowing systematic comparison
of stoichiometric and polar terminations in surface and adsorption analyses [2,16]. As
shown in Figure 1a, the cubic LiPFg structure was fully optimized. Lithium atoms in the
LiPFg crystal are bonded to the PFg anion in an octahedral arrangement; see Figure 1a.
As shown in Figure S1 (Supporting Information), convergence studies were conducted
to obtain appropriate plane-wave energy cutoffs and Brillouin-zone sampling for the
structural optimization of LiPF¢.The optimized lattice parameter a = b = ¢ = 7.39258 A is
consistent with theoretical predictions, as the experimental crystallographic data for this
space group is not available. However, the optimized bond angle values of 177.4° align
closely with the experimental F-P-F bond angle of 177.2° [23], as shown in Table 1. The
calculated P-F bond lengths of 1.64 A (y-axis) and 1.63 (z-axis), in Figure 1b, agree with the
literature value of 1.64 A [26]. The observed differences in the bond arise from the higher
electronegativity of fluorine compared to phosphorus and lithium [27,28]. This results in a
pronounced dipole moment between lithium and fluorine. Consequently, bond lengths of
1.64 and 2.06 A were measured for P-F and Li-F, respectively (Figure 1b).
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Figure 1. (a) Bulk structure of LiPFg showing preferred lattice planes. (b) A zoomed image of the
LiPFg bulk structure showing the calculated bond lengths. (c) The band structure of LiPFg with the
representative band gap in eV. (d) Experimentally obtained [16] pXRD pattern showing preferred
orientation in Fm-3m crystal phases of the LiPFg.

The electronic properties, such as the band structure, further corroborate the successful
convergence of the bulk structure of the LiPF¢. The calculated band gap of 7.42 ev, shown
in Figure 1c, is comparable to the literature values of 7.33 to 7.63 eV [12,29]. Figure 1d
shows the pXRD pattern of LiPFg synthesized and analyzed by Lekgoathi et al. [2]. The
prominent peaks correspond to the (101), (012), (003), and (113) planes, with (101) being
the most dominant (Figure 1d). To investigate HF and F~ adsorption, the focus was on
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the two lowest facets, (101) and (003), as they are most representative of the material’s
behavior under real-world conditions. The (003) facet provides insights into adsorption on
high-symmetry, low-index planes, whereas the (101) facet offers a contrasting perspective
on less symmetric planes.

Table 1. Terminated surface energies, bond angle properties, and surface area for the surface slab models.

Surface Termination

* Bond Angle F-X-F

Y (V) After Surface Area (A?) ~ Slab Thickness (nm)

Optimization
(003) surface
F4-P2-Li 151.1 3.08 25.92 1.09
P2-F3-Li 165.8 2.92 28.46 1.08
(101) surface
F4-Li2-P 89.76 222 39.08 1.06
Li2-F3-P 92.57 2.13 37.64 1.04

* Where X is the central atom, P or Li.

3.2. Surface Terminations and Stability

As shown in Figure 2, cleaving the (003) facet yielded two surface terminations la-
beled F4-P2-Li and P2-F3-Li. These terminations correspond to fluorine-rich and lithium-
coordinated fluorine, respectively. Similarly, two surface terminations were cleaved for the
(101) facet and were labeled F4-Li2-P and Li2-F3-P, respectively. The slab name numbers
correspond to the quantity of each element present at the exposed surface. These termina-
tions are characterized by fluorine-rich and phosphorus-coordinated fluorine. All four slab
models are symmetric, with the same stoichiometry as the bulk structure, and comprise
approximately nine atomic layers with a thickness exceeding 1 nm (Table 1). The major
difference amongst these slab models is the amount of fluorine and the atom coordinating
the exposed fluorine in the center. The study will focus on how fluorine species in different
surface environments interact with F~ and HF molecules.

Side view

! % ® °
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1
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K

P2-F3-Li F4-P2-Li F4-Li2-P Li2-F3-P

Figure 2. Surface terminations of the LiPFq (003) and (101) facets after geometry optimization,
showing the side and top views.
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The terminated surfaces in Figure 2 showed geometric changes after optimization,
which are indicated by bond length changes observed in Table 2. There were changes
between Li-F bond lengths, both in the z-axis and y-axis, compared to the P-F bonds, where
there was minimal to no change; see Table 2.

Table 2. Bond lengths of the surface slab models before and after optimization.

Bond Length (A)-(003)

Bond Type Before Optimization After Optimization (F-Li-P) After Optimization (F-P-Li)
P-F (z-axis) 1.63 1.63 1.62
P-F (y-axis) 1.64 1.63 1.70
Li-F (z-axis) 2.06 1.97 2.25
Li-F (y-axis) 2.06 1.98 2.03
Bond length (A)-(101)
P-F (z-axis) 1.63 1.64 1.64
P-F (y-axis) 1.64 1.64 1.63
Li-F (z-axis) 2.06 1.84 1.96
Li-F (y-axis) 2.06 1.92 1.92

The surface energy (y) was evaluated using Equation (5) [14,15]. It is defined as the
energy required per unit area of the new surface formed by splitting the crystal into two
parts, as shown in the expression below (Equation (5)):

Eslab —N- Ebulk

Y= ©

where Eg,p, is the total energy of the slab, N is the number of bulk unit cells in the slab,
Epuik is the total energy per unit cell of the bulk material, A is the surface area of one side
of the slab, and the factor of 2 takes into consideration both surfaces of the slab.

The least thermodynamically stable surfaces were the F4-P2-Li and the F4-Li2-P at
3.08 and 2.22 eV for the (003) and (101) surface terminations, respectively. As shown
in Table 1, the lithium-centered and the phosphorus-centered surface terminations are
the most thermodynamically stable in both (003) and (101) slab models, with the (003)
surface being the least thermodynamically stable overall. Studies have shown that the
surface energy of a low-index surface is generally lower than that of a high-index surface,
and this depends on the number of atomic bonds created when cutting the surfaces [30].
Although (003) is a low-index surface, it exhibits higher surface energies than the higher-
index (101) facet due to increased bond cleavage and reduced charge compensation at the
termination [31]. Furthermore, the (003) and (101) LiPFg slabs differ not only in orientation
but also in surface unit-cell area, which directly affects the density of exposed surface sites
(Table 1). The smaller surface area of the (003) facet, ranging between 25 and 28 A?, resulted
in a higher concentration of under-coordinated Li and F species per unit area, contributing
to its higher surface energy obtained. In contrast, the larger surface area of the (101) facet,
ranging between 37 and 39 A2, led to a lower surface site density and improved charge
distribution, consistent with its lower surface energy.

Previous computational studies have demonstrated that surface charge distributions
strongly influence surface energetics, with poorly compensated surfaces characterized by
significant dipole moments or electrostatic imbalance exhibiting higher surface energies
unless charge compensation mechanisms are present [32]. In the present work, the (003) and
(101) facets terminated as F4-P2-Li and F4-Li2-P display relatively high surface energies,
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which can be attributed to the exposure of multiple fluorine atoms and the resulting
electrostatic imbalance at the surface. In contrast, slab models featuring a single exposed
fluorine atom exhibit more effective local charge compensation, leading to comparatively
lower surface energies (Figure 3).

Side view

P2-F3-Li F4-P2-Li F4-Li2-p Li2-F3-P

Figure 3. Surface terminations of the LiPFg (003) and (101) facets, showing the charges after geometry
optimization and the side and top views.

3.3. HF Molecular Adsorption

Surface terminations respond uniquely to external stimuli, such as adsorbing
molecules [33,34]. To understand the interaction properties of F~ and HF molecules with
the stable LiPFg surfaces, adsorption energies (o) were calculated for varying F~ and HF
content using Equation (6), Ref. [15].

1
E (J) = 7[Ead5+slab - (NadsEads + Er,slab)] (6)

Nur
where Egjap1ads is the energy of the slab with the adsorbed HF or F~, E_4s is the energy of
the adsorbent, i.e., F~ or HF, N,y is the number of atoms of the F~ or HF on the slab, and
the E, b is the energy of the relaxed slab.

The F4-P2-Li surface of the (003) facet in Figure 4 does not prefer to interact with
fluoride atoms, as supported by large positive energies in the range of 5.8 to 6.5 eV. This is
a typical dissociative property related to the formation of a deliquescent phase.

A strong interaction between Li and HF results in a Li-HF bond in the surface P2-F3-Li,
with a low adsorption energy of —3.6 eV; see Figure 5. Also, a weak interaction to form
F-HF is permissible for the (003) facet. Contrary to these observed interactions, the F4-P2-Li
surface of the (003) facet does not favorably interact with HF, resulting in a deliquescent
phase formation, with unstable adsorption energies in the range of +1.32 to 3.99 eV. This
deliquescent phenomenon has also been observed in alkali metal polyhydrofluorides and
has been published in the literature [35-37].

In contrast, the (101) surface demonstrates limited direct HF bonding, with adsorption
energies suggesting a weaker interaction (—0.98 eV); see Figure 5.
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Before Optimization
F4-P2-Li P2-F3-Li F4-P2-Li F4-Li2-P Li2-F3-p
(003) (003) (101) (101)

Lo (®
After Optimization

om45 84 eV 0=-4.69 eV 0=+1.10 eV
P-F F-F Li-F P-F Li-F

“‘\9_./
0=+6.5 eV 0=-1.39 eV

Figure 4. Interaction of fluoride with (003) and (101) surfaces of LiPFg.

Before Optimization
F4-P2-Li F4-P2-Li F4-Li2-P

(003) (003)

After Optimization

|
‘ =8¢

Nl

0=-0.53 eV 0=+3.99eV  0=+1.32eV 0=-0.98 eV
Li-HF P-HF F-HF F-HF ALL-HF ALL-HF

Figure 5. Interaction of hydrogen fluoride with (003) and (101) surfaces of LiPFg.

Strong chemisorption is observed with HF on the (003) facet based on the preferred
interaction with P and F sites of the P2-F3-Li surface, having adsorption energies of greater
than —1.4 eV. The (101) facet, however, interacts with fluoride to form P-F and F-F bonds
on the surface of F4-Li2-P, with adsorption energies of —4.69 and —1.72 eV, respectively. A
strong repulsion is observed between the fluoride and the F4-P2-Li surface, suggesting that
this surface is not interacting with fluoride.
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There is HF bonding observed in the (003) facet, preferably targeting the Li sites, based
on the adsorption energy of —3.6 eV. Similarly, a bond formation between HF and the Li
surface is observed in the (101) facet, with an adsorption energy of —1.62 eV. Generally, a
strong HF chemisorption is observed on the (101) surface, with adsorption energy values
higher than —1 eV. As a result, the F4-P2-Li surface of the (003) facet is relatively more
stable in the presence of the HF molecule. However, the two fluorine-rich layers in both
(101) and (003) facets are even more stable against reaction with HE.

Therefore, to reduce or eliminate the unwanted HF content in the LiPF¢ crystal, the
fluoride-rich surfaces must be dominant in the crystal.

3.4. Work Function, lonization Potential and Electron Affinity Analysis

The work function (®) of the four most stable surfaces was calculated according to
Equation (7). The work function represents the minimum energy required to remove an
electron from the bulk of a material through the surface to a point in the vacuum. Practically,
it refers to the energy required at 0 K to remove an electron from the Fermi level of the
surface to the vacuum level [33]. The work function can be expressed as

where e is the electron charge, ¢ is the electrostatic potential in the vacuum near the surface,
and EF is the Fermi level (electrochemical potential of electrons) within the material.

The surface electrostatic forces, arising from charged particles at the material’s bound-
aries, such as the liquid—solid interfaces [38], play a crucial role in HF adsorption [33]. The
ease of HF adsorption depends on the surface charge distribution.

The reactivity of the investigated surfaces toward hydrogen fluoride (HF) correlates
strongly with their calculated work functions, which govern surface charge availability
and the extent of charge transfer during adsorption. HF bonding is preferentially observed
on the (003) facet, also see Figure S2, Supporting Information, targeting exposed Li sites,
with a strongly exothermic adsorption energy of —3.6 eV. This behavior is consistent with
the relatively low work function of Li-terminated surfaces (® ~ 4.7 eV), which facilitates
electron donation to the antibonding orbital of HF, promoting H-F bond polarization and
Li-F bond formation. A similar Li—-HF interaction is observed on the (101) facet, where
HF adsorption yields an energy of —1.62 eV, indicating strong chemisorption. In general,
the (101) surface exhibits pronounced HF chemisorption, also see Figure S3, Supporting
Information with adsorption energies exceeding —1 eV, reflecting its higher density of
reactive Li sites. In contrast, fluorine-rich surface terminations display substantially higher
work functions ($ > 7.8 eV), indicative of electron-poor, passivated surfaces that suppress
charge transfer to HFE. As a result, the F4-P2-Li termination of the (003) facet demonstrates
enhanced stability in the presence of HE.

The calculated work functions across different surface terminations and adsorption
configurations show a strong correlation with HF reactivity and surface stability. Li-rich
surfaces consistently exhibit lower work functions (Figure 6), reflecting higher surface
electron density and enhanced chemical reactivity toward HF. Upon HF adsorption, these
surfaces undergo pronounced work-function shifts, indicative of substantial charge transfer
and chemisorption. Conversely, fluorine-rich surfaces maintain high work functions with
minimal variation upon HF exposure, demonstrating intrinsic resistance to HF adsorp-
tion. The stability of the F4-P2-Li termination of the (003) facet is particularly evident,
as its relatively high work function suppresses HF-induced charge transfer despite the
presence of subsurface Li. In this regard, the fluorinated layers can potentially act in
various applications as effective passivation barriers against HF attack due to their high
work function.
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Figure 6. (A) work function, (B) Ionization Potential, and (C) Electron Affinity as functions of stable
surface terminations in F4-P2-Li and P2-F3-Li of (003) planes, as well as in Li2-F3-P and F4-Li2-P of
(101) planes. M = slabs before adsorption of F- or HF.

Overall, as shown in Figure 6 and Tables S1 and S2 (Supporting Information), a corre-
lation is observed between the work function within a specific range and the corresponding
ionization potential (I), electron affinity (A), and band gap (Eg). The results indicate a direct
proportional relationship between the work function and the ionization potential. Materials
exhibiting a work function greater than 6 eV tend to possess low (predominantly negative)
electron affinity values and wide band gaps, consistent with insulating behaviour (Figure 6
and Tables S1 and S2, Supporting Information). In contrast, facets with work function
values in the range of 1-6 eV display comparatively higher electron affinity (characterized
by positive values) and smaller or negligible band gaps, corresponding to semiconducting
or metallic character, respectively (Figure 6 and Tables S1 and S2, Supporting Information).

3.5. Total Local Potential and Electron Localization Function Analysis

The total local potential is evenly distributed and, to a greater extent, sym-
metric, before adsorption for the (003) surface terminations, see Figures 7 and S2,
Supporting Information.

The electron localization function (ELF) provides insight into the spatial distribution
of localized versus delocalized electronic states at the LiPF4 surfaces. In general, low
ELF values correspond to regions of electronic delocalization, while high ELF values
indicate strongly localized electron pairs, such as those associated with closed-shell anions
or lone pairs [39,40]. The ELF values are generally low in the regions where localized
orbitals dominate [39]. The planar-averaged electrostatic potential profiles illustrate the
variation in work function among the different surface terminations. Li-exposed surfaces,
such as P2-F3-Li, display a relatively shallow vacuum potential, corresponding to a
moderate work function of ~4.7 eV, which promotes electron donation to adsorbed HF
molecules. This electronic environment facilitates H-F bond polarization and stabilizes Li-F

https://doi.org/10.3390/surfaces9010026


https://doi.org/10.3390/surfaces9010026

Surfaces 2026, 9,

26

11 of 21

Average potential {eV)

Average potential (eV)

bond formation. In contrast, fluorine-rich terminations (F4-P-2Li and Li2-F3-P) exhibit
significantly deeper vacuum levels, resulting in high work functions (>7.8 eV), indicative of
electron-poor and strongly passivated surfaces. Notably, the F4-Li2-P termination presents
an exceptionally low work function (~2.05 eV), explaining its extreme chemical reactivity
and strong affinity for HE. Overall, the electrostatic potential profiles directly rationalize the
facet- and termination-dependent HF reactivity observed in the adsorption calculations.
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Figure 7. Total local potential of LiPFg surface before adsorption studies in the z-direction with their
respective work potentials. The solid orange line is the Fermi energy, and the dotted orange line is
the vacuum level.

The ELF distributions in Figures 8 and 9 were examined to clarify the electronic nature
of F and HF adsorption on the (003) and (101) surface facets and their corresponding termi-
nations [41-43]. For the (003) facet, both the F4-P2-Li and F4-Li2-P terminations exhibit
strong electron localization around the adsorbed F atom, with ELF values approaching
unity, while negligible localization is observed in the interatomic region between F and the
surface cations. This behavior confirms that F adsorption proceeds via predominantly ionic
chemisorption on both terminations, driven by charge transfer from surface Li atoms to the
electronegative F species [42,44,45]. The pronounced localization around F suggests signifi-
cant surface polarization, particularly on the higher-energy F4-P2-Li termination, where
under-coordinated surface atoms enhance electrostatic imbalance and promote stronger
adsorbate stabilization [46,47].

A similar trend is observed for F adsorption on the (101) facet, where intense ELF
accumulation is again confined to the fluorine atom, with no evidence of shared electron
density along the F-surface bond path. The greater ELF redistribution on the more polar
(101) terminations indicates an increased tendency for charge compensation through ionic
bonding, consistent with their relatively higher surface energies [46,48].
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P2-F3-Li+F

003 surfaces

F4-P2-Li + F

P2-F3-Li Li-F

P-F FF All F4-P2-Li Li-F P-F F-F All
101 surfaces

Li2-F3-P+F

Li2-F3-P

F4-Li2-P

Figure 8. Electron localization functions showing isosurfaces of (101) and (003) facet interactions
with fluoride.

In contrast, ELF maps for HF adsorption on both the (003) and (101) facets show
pronounced electron localization along the intrinsic H-F bond, confirming that its covalent
character is preserved upon adsorption [41,43]. Across all terminations, minimal ELF
accumulation is detected at the surface-HF interface, indicating weak electronic coupling
and the absence of dissociative adsorption [49]. Notably, the charge-balanced F4-Li2-P
termination of the (003) facet exhibits the least ELF perturbation upon HF adsorption,
highlighting its enhanced electrostatic stability and reduced surface reactivity [47,50].

Overall, the facet-resolved ELF analysis demonstrates that isolated F adsorption
strongly perturbs the electronic structure of polar, high-energy terminations through ionic
chemisorption and surface charge compensation, whereas HF adsorption remains largely
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molecular across all facets, inducing minimal electronic redistribution. These findings

underscore the critical role of surface termination and polarity in governing adsorption
mechanisms and surface stability [45,46,48,50].

P2-F3-Li + HF 003 surfaces

F4-P2-Li + HF

P2-F3-Li

F4-P2-Li

101 surfaces
Li2-F3-P+ HF

F4-Li2-P

Figure 9. Electron localization functions showing isosurfaces of (101) and (003) facet interactions
with HF.
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3.6. Optoelectronic Properties of the Bulk and Surface Structures of LiPF,

The bulk structure of the LiPFg is generally an insulator, with a calculated band gap of
7.42 eV, as shown in Figure 1, comparable to the literature values of 7.33 to 7.63 eV [12,30].
The insulating property is also observed in the Li2-F3-P (101) and F2-P2-Li (003) facets.
There is a major contribution from the Py and Px orbitals of the F in the VB. The CB
comprises s and p orbitals of phosphorus. Li (s) orbital has minimal contribution in CB

and VB. Upon introduction of HF and fluoride onto the LiPFg surface, the contributions of

F-p orbitals and H-s orbitals to the conduction band from the added reactants are evident
(Figures 10-12).
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Figure 10. Density of states of the LiPF¢ surfaces and related orbitals contributing to the Fermi level.
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Figure 11. Density of states of the LiPFg (003) surfaces interacting with F~ and HE, showing related
orbitals and their contribution to the Fermi level.
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Figure 12. Density of states of the LiPF4 (101) surfaces interacting with F~ and HF, showing related
orbitals and their contribution to the Fermi level.

The DOS reveals the electronic signature of HF chemisorption on Li-terminated sur-
faces. For the P2-F3-Li surface, states near the Fermi level are dominated by Li-s and
F-p orbital contributions, indicating an electron-rich surface capable of charge transfer.
Upon HF adsorption, a noticeable redistribution of states occurs near the Fermi level,
accompanied by the emergence of hybridized H-s and F-p orbital states, confirming strong
HF-surface interaction and bond formation in some instances. In contrast, the F4-P2-Li
surface exhibits a reduced density of states at the Fermi level, characteristic of a more
electronically passivated, fluorine-rich termination. After HF adsorption, only minor
changes in the DOS are observed, indicating limited charge transfer and weaker interaction.
These electronic trends are consistent with the calculated adsorption energies and demon-
strate that HF chemisorption is favored on low-work-function, Li-exposed surfaces, while
fluorinated surfaces resist HF-induced electronic perturbation.

The relative molecular orbital energy plots in Figure 13 reveal insulating and semi-
conducting surface terminations; metallic surfaces are omitted owing to overlap between
the valence band maximum (VBM) and conduction band minimum (CBM). For the (003)
facet, the F4-P2-Li and P2-F3-Li terminations exhibit direct band gaps of 6.96 and 0.29 eV,
corresponding to insulating and semiconducting behavior, respectively. In contrast, within
the (101) facet, the Li2-F3-P termination shows an indirect band gap of 6.63 eV, indicative
of insulating character, whereas the F4-Li2-P termination is metallic. Adsorption of F~
on the (003) facets induces a transition to metallic behavior, whereas HF adsorption leads
predominantly to insulating surfaces, particularly when interacting with Li and P sites on
the P2-F3-Li termination (Table S1, Supporting Information). Notably, HF interaction with
the P site on the F4-P2-Li surface yields a direct band gap of 7.24 eV, comparable to bulk
LiPFg, suggesting minimal electronic perturbation. Compared with the (003) facets, the
(101) facets display greater electronic diversity, spanning metallic to insulating behavior.
However, HF adsorption on the Li site of the Li2-F3-P termination results in an indirect
band gap of 7.05 eV, closely matching that of bulk LiPF4 (Table 52, Supporting Information).
Collectively, these results indicate that Li and P sites on the (003) facets are relatively inert
toward HF, as evidenced by the preservation of bulk-like band gaps. In contrast, the metal-
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lic F4-Li2-P termination of the (101) facet undergoes a metal-to-semiconductor transition
upon HF adsorption, yielding a narrow band gap of approximately 1 eV (Figure 13). This
electronically activated state is consistent with the strong adsorption energies reported in
Tables 3 and 4 and suggests an enhanced susceptibility of this surface to further chemical
reactions with HF and F~.
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Figure 13. Relative molecular orbital energy plot of the LiPFq surfaces and their interaction with F~
and HEF, showing valence band maximum (VBM) and conduction band minimum (CBM) energies
highlighted with black and purple lines. Red diamonds are used to highlight the band gap values
and are plotted against a secondary axis.

Table 3. Chemical reaction as a function of surface F molecule variation.

Surface Termination Adsorption E (o) (eV)
Material Li-F P-F F-F All-F
(003) surface
F4-P2-Li 1.78 6.5 1.78 1.78
P2-F3-Li 5.84 —-1.21 -1.39 —0.23
No. of F species added 2 2 10 14
(101) surface
F4-Li2-P —0.49 —4.69 —1.72 —0.11
Li2-F3-P 1.10 —0.07 —0.05 —0.03
No. of F species added 2 2 8 12

Relative molecular orbital alignment further distinguished the fundamentally different
roles of F~ and HE. Fluoride adsorption was governed by ionic chemisorption, character-
ized by deep-lying F 2p states, negligible covalent orbital overlap, and strong electrostatic
stabilization via surface Li+ sites. This interaction promotes surface passivation rather than
degradation. In contrast, HF molecular orbitals aligned closely with the surface valence
band on low-work-function terminations, enabling charge transfer, H-F bond polarization,
and surface-driven solvation processes, particularly on the (101) facet (Figure 13).

The band gap primarily contributes to the observed material color as indicated in
Figure 14a and Table S3, Supporting Information. The color variations are due to a change
in material wavelength from UV-visible to near-infrared. As the HF content is increased,
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the LiPFs changes from a predominantly hard molecule to a soft molecule based on pertur-
bations in the band gap from high to lower values (Figure 14). The softer molecules are
known to have a lower HOMO-LUMO gap when compared to hard molecules, making
them more reactive [12]. This implies that LiPFs-HF with a band gap of 7.09 eV will be
relatively more stable.

Table 4. Chemical reaction as a function of surface HF molecule variation.

Surface Termination Adsorption E (o) (eV)

Material Li-HF P-HF F-HF All-HF
(003) surface
F4-P2-Li —-0.32 —0.47 3.99 1.32
P2-F3-Li —-3.6 -3.6 —0.53 0.93
No. of HF species added 2 2 10 14
(101) surface
F4-Li2-P —0.67 —0.39 2.80 —0.98
Li2-F3-P —1.62 —-0.32 3.97 —0.41
No. of HF species added 2 2 8 12
(a) Transmitted Colour (b)
B o T T T T
LiPF, HPTe «—LiPF,HF
74 6
o _
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~— 54
- N 1
C n 4
3 o
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| i
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R R
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Figure 14. Graphical representation of the impact of the increase in acidity number increase in the
bulk LiPF4 on (a) color variations and (b) associated band gap changes.

4. Conclusions

This study successfully employed first-principles density functional theory to system-
atically investigate the surface stability and adsorption behavior of LiPFg in the presence
of fluoride (F~) and hydrogen fluoride (HF), with a particular focus on the interplay be-
tween surface energy, work function, molecular orbital alignment, electron localization, and
surface polarity. By combining these complementary descriptors, a coherent mechanistic
picture of facet and termination-dependent reactivity emerges.

It was found that the least thermodynamically stable surfaces were the fluorine-rich
F4-P2-Li and the F4-Li2-P at 3.08 and 2.22 eV for the (003) and (101) surface terminations,
respectively. The lithium- and phosphorus-centered counterparts were found to be the most
thermodynamically stable counterparts in both (003) and (101). Work function analysis
revealed a strong correlation between surface stability and electronic accessibility. Termina-
tions characterized by Li2-F3-P for (101) and F4-P2-Li for (003) coordination displayed the
highest work functions, reflecting tightly bound electronic states and reduced propensity for
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charge transfer. Conversely, low-work-function surfaces exhibited elevated valence band
maxima and enhanced electronic reactivity, consistent with their higher surface energies
and increased tendency to interact with HF.

Electron localization function analysis corroborated these findings by revealing in-
tense localization around adsorbed F atoms with minimal interatomic ELF accumulation,
confirming the ionic nature of F adsorption across all facets. For HF adsorption, ELF maps
showed preserved covalent H-F bonding and limited surface—adsorbate electron sharing,
with significant ELF redistribution occurring only on polar, lithium-exposed terminations.
The (003) facet, especially in its charge-balanced fluorine-rich termination, exhibited mini-
mal ELF perturbation and enhanced electrostatic stability, whereas the (101) facet displayed
localized electronic rearrangements that facilitate HF interaction and solvation.

Taken together, the combined surface energy, adsorption energy, work function, MO
alignment, ELF, and dipole moment analyses identify the (003) facet as the primary struc-
tural and electronic stabilizing surface in LiPF4, while the (101) facet acts as the dominant
initiation site for HF-induced solvation and degradation. These results demonstrate that
LiPFg instability in HF-containing environments is governed not by uniform bulk reactivity
but by localized surface electronic structure and polarity.

The insights gained from this work provide clear design principles for improving LiPFg
stability, including preferential crystal growth along the (003) direction, surface fluorination
to suppress low-work-function terminations, and targeted HF scavenging strategies. More
broadly, this study establishes a robust framework for linking surface energetics and
electronic structures to degradation mechanisms, offering guidance for the rational design
of more stable electrolyte salts and interfaces in advanced electrochemical systems.

Supplementary Materials: The following supporting information can be downloaded at https:
/ /www.mdpi.com/article/10.3390/surfaces9010026/s1. Figure S1: Verification of modeling data.
Figure S2: Total local potential of (003) LiPFg facets after adsorption with F~ and HF in the z-direction
with their respective work potentials. The solid orange line is the Fermi energy, and the dotted orange
line is the vacuum level. Figure S3: Total local potential of (101) LiPFg facets after adsorption with F~
and HF in the z-direction with their respective work potentials. The solid orange line is the Fermi
energy, and the dotted orange line is the vacuum level. Table S1: Electronic properties of various
surface terminations and their interactions with fluoride and HF. Table S2: Electronic properties of
various surface terminations and their interactions with fluoride and HEF. Table S3: Material property
calculations for LiPFg-xHF related crystal structures.
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The following abbreviations are used in this manuscript:

DOS Density of States

ELF Electron Localization Function

LiPFg Lithium hexafluorophosphate

VASP Vienna ab initio Simulation Package
VESTA  Visualization for Electronic Structural Analysis
DFT Density functional theory

PAW Projector augmented wave

GGA Generalized Gradient Approximation
PBE Perdew-Burke-Ernzerhof

VBM Valance Band Maximum
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