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Acid-base properties of hydroxyapatite(0001) by the adsorption of probe molecules:
An ab initio investigation
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The presence of both acidic and basic adsorption sites on the surface of hydroxyapatite [Ca10(PO4)6(OH)2;
HAP] is an interesting property for catalytic applications. Here, we report a density functional theory investi-
gation of the adsorption properties of CO, CO2, C2H2, CH4, H2, H2O, NH3, SO2, and BCl3 on the HAP(0001)
surface. All probe molecules have a lower energy when they are adsorbed in the region between the most exposed
Ca2+ ion (electron acceptor) and a neighboring PO4

3− group, where the O atoms (electron donor) contribute to
the stabilization of the adsorbed molecule. By evaluating the redistribution of the electron density and the change
of the atomic charges, the Ca2+ and PO4

3− sites were identified as Lewis acidic and Lewis basic adsorption
sites, respectively, which indicates that simultaneous acid-base interactions occur upon adsorption of all studied
probe molecules. All adsorbates interact with the surface via atoms of opposing charges, which enhances the
ionic character of molecular bonds by increasing the distinction between cationic and anionic charges within
the molecule. Furthermore, molecules with greater ionic character show stronger interaction with the substrate
and greater geometric deformation. Although most adsorbed molecules (CO, CO2, C2H2, CH4, H2, H2O, and
NH3) do not show substantial net charge transfer, polarization effects due to the redistribution of charge are
observed upon adsorption of all probe molecules. The change in the work function increases linearly with the
total change in the surface dipole moment for H2O, NH3, SO2, and BCl3, while for the remaining systems, the
magnitude of the work function change remains more uniform. By identifying the type of interaction between
each probe molecule and the HAP(0001) surface, the present study contributes to the understanding of the
acid-base properties of the HAP(0001) surface, which we elaborated in a short discussion based on the individual
bond orders for the acidic and basic sites.

DOI: 10.1103/PhysRevMaterials.5.075003

I. INTRODUCTION

Hydroxyapatite [Ca10(PO4)6(OH)2; HAP] is a mineral
known mostly by its biological importance as the primary
inorganic constituent of bones and teeth [1,2]. As a bio-
material, HAP has been widely studied for applications in
tissue engineering [3,4], tumor inhibition [5], controlled drug
delivery [6,7], and other medical-related technologies [8,9].
Additionally, owing to the acid-base nature of its surface sites,
HAP has been attracting attention in the field of heteroge-
neous catalysis, especially as a catalyst for the valorization
of biomass-derived feedstocks [10].

The continuous improvement of HAP for innovative
catalytic applications can benefit from an atomistic un-
derstanding of the HAP surface properties. To this end,
experiments that analyze the adsorption properties of probe
molecules are widely used, e.g., temperature-programmed
desorption to measure the surface site density, as well as the
binding strength for acidic and basic sites, using NH3 and CO2

as probe molecules [11]. Further, spectroscopic analyses of
small adsorbates (CO, CO2, C2H2, and H2O) have been em-
ployed for a qualitative description of the active sites [12–14].
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Since most catalysts are prepared as powders, numerous crys-
tallographic defects occur in their surfaces, and hence, it is a
challenge to obtain atomistic insights from those experimental
analyses [15]. In this regard, theoretical studies based on ab
initio methods have become essential for an in-depth investi-
gation of the HAP surface properties [16].

Several simulations based on density functional theory
(DFT) calculations have been reported, along with experimen-
tal studies for HAP bulk and surfaces [17–20]. For example,
the stability of both hexagonal and monoclinic HAP bulk
phases was computed [18], showing that the hexagonal phase
is higher in energy by only 11 meV per formula unit, i.e.,
only 0.25 meV/atom, which is within the limit of DFT imple-
mentations. Recently, the primary contribution to the electric
polarization in both bulk phases was attributed to the ordered
orientation of the OH− groups [20]. Polarization effects were
also observed for the HAP(0001) surface, where the electro-
static characteristics differ according to the alignment of OH−
groups within the structure [17]. Moreover, the stability of
the HAP(0001) surface was tested with respect to the thick-
ness of the slab geometry [21], with the conclusion that a
slab model with 4 formula units (88 atoms and 14-Å-thick
slab) is sufficient to investigate the adsorption properties of
molecular systems. It was also reported that the Ca2+ ions
are the energetically preferred adsorption sites for H2O and
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that neighboring PO4
3− groups could also contribute to the

stabilization of the adsorbates [17]. Furthermore, combined
DFT calculations and infrared spectroscopy were employed
to describe the adsorption of CO, also encountering the elec-
trostatic affinity of the adsorbate for exposed Ca2+ ions [19].

The adsorption sites of HAP particles have been described
considering two types of adsorption sites, i.e., Lewis acidic
(Ca2+ ions) and Lewis basic (O atoms of PO4

3− groups) sites
[22]. The existence of these surface sites in different propor-
tions has been considered as the dominant factor regulating
the catalytic activity and selectivity of HAP and, hence, the
key feature for selecting it as a catalyst [23,24]. Despite the
aforementioned progress, our understanding of the adsorption
properties of the most used probe molecules employed for
characterization analyses is still unsatisfactory.

In the present study, we investigate the adsorption prop-
erties of a wide range of probe molecules, namely, CO, CO2,
C2H2, CH4, H2, H2O, NH3, SO2, and BCl3, on the HAP(0001)
surface by ab initio DFT calculations. Our findings indicate
that all selected molecules are adsorbed preferentially close
to the most exposed Ca2+ site, where lateral interactions with
neighboring O atoms of PO4

3− groups lead to the stabilization
of the adsorbate. Detailed analysis of the adsorption proper-
ties revealed that simultaneous acid-base interactions occur in
all systems, as anionic and cationic molecular terminations
interact with Lewis acidic and Lewis basic surface sites, re-
spectively. Therefore, the choice of probe molecules could
affect the distinction between these sites, which is crucial
for the interpretation of experimental data. Although no sub-
stantial net charge transfer was found for CO, CO2, C2H2,
CH4, H2, H2O, and NH3 on HAP(0001), polarization effects
are observed for all systems, accompanied by changes in the
surface dipole moment and work function.

II. THEORETICAL APPROACH AND COMPUTATIONAL
DETAILS

A. Total energy calculations

All total energy calculations were based on spin-polarized
DFT [25,26] within the semilocal Perdew-Burke-Ernzerhof
(PBE) formulation for the exchange-correlation functional
[27]. To improve the description of long-range van der Waals
(vdW) interactions, we used the vdW D3 correction pro-
posed by Grimme [28]. The Kohn-Sham equations were
solved using the projected augmented-wave (PAW) method
as implemented in the Vienna Ab initio Simulation Package
(VASP) [29–31], version 5.4.1. Electron-ion interactions were
described by the PAW projectors provided within VASP, in
which the valence electrons were described by plane waves.
The scalar-relativistic approximation [32,33] was employed,
in which spin-orbit coupling was considered for the core states
through the PAW projectors and neglected for the valence
states due to the negligible effects in the energetic and struc-
tural properties. Additional technical PAW details are reported
in Sec. S1 in the Supplemental Material (SM) [34].

For all calculations, we employed a plane-wave cutoff
energy of 489 eV, which is 12.5% higher than the largest
recommended value considering all chemical elements (B, C,
Cl, Ca, H, N, O, P, and S). However, because of the slow

convergence of the stress tensor as a function of the number of
plane waves, the higher plane-wave cutoff energy of 869 eV
was used to obtain the equilibrium lattice constants and in-
ternal parameters of the HAP bulk phases. For the Brillouin
zone (BZ) integration, we considered only the � point for the
gas-phase molecules and free atoms owing to the absence of
dispersion in the electronic states within the BZ. As for the
hexagonal HAP bulk phase with space group P63, we used a
� centered Monkhorst-Pack [35] k mesh of 2×2×3 for total
energy calculations, which was determined from systematic
convergence tests as presented in Sec. S2 in the SM [34], and
a k mesh of 4×4×6 for density of states (DOS) calculations.
For the clean surface and adsorption configurations, we em-
ployed a k mesh of 2×2×1 for total energy calculations and
4×4×1 for DOS and work function calculations.

The gas-phase molecules were optimized using a 20-Å-
cubic-box, while for the free atoms, we used a noncubic
box of 20 × 21 × 22 Å to break the symmetry and mini-
mize problems with electronic occupation. For the hexagonal
HAP(0001) surface, we employed a slab repeated geome-
try, which contains a 1×1 surface unit cell with a0 = b0 =
9.497 Å, a slab with a thickness of four layers [one formula
unit Ca5(PO4)3(OH) per layer], and a vacuum region of 15 Å.
Using the optimized slab, we built the adsorption structures
by placing one molecule on each side of the slab in equivalent
positions to preserve the inversion symmetry and eliminate
the use of dipole corrections. All atoms were allowed to relax
through the conjugate gradient algorithm. The equilibrium
configurations were obtained once the atomic forces were
smaller than 0.025 eV Å−1 on each atom using a total energy
convergence criterion of 10−5 eV.

B. Atomic structure configurations

The initial geometries of the isolated gas-phase molecules
were obtained from the National Institute of Standards
and Technology Computational Chemistry Comparison and
Benchmark Database [36] and reoptimized following the
above-mentioned computational details. Regarding the hexag-
onal HAP bulk unit cell (Fig. 1) the initial configuration was
constructed from experimental measurements [37] by reduc-
ing the crystal system from space group P63/m to space group
P63 as discussed further below.

In the formation of a surface, numerous configurations
can be found based on the chemical potential of its build-
ing elements. A theoretical energetic analysis of different
vacuum-exposed HAP surfaces was discussed in detail else-
where [16], and hence, it is not discussed here. In the
present study, having optimized the P63 HAP bulk structure,
we considered only the stoichiometric termination for the
HAP(0001) surface, previously reported as the most stable
termination from a thermodynamic standpoint [38–40]. Fur-
thermore, concerning our interest in evaluating the acid-base
properties of the HAP surface, the well-defined struc-
ture of the HAP(0001) surface accommodates interspersed
vacuum-exposed Ca2+ ions and PO4

3− groups that make
this termination suitable to simulate positively and negatively
charged adsorption sites. This choice was also motivated by
experimental [12–14,41] and theoretical [17,19,21] studies
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FIG. 1. Bulk phases of stoichiometric hydroxyapatite, namely,
the P21/b monoclinic and P63 hexagonal phases. The side view of
each phase emphasizes the orientation of the OH− groups along the
[0001] direction. Additional details on the crystallographic positions
for the P63 structure are provided in the SM [34], Sec. S4.

that have investigated these vacuum-exposed species as Lewis
acidic and Lewis basic adsorption sites, respectively.

The initial adsorption configurations for all systems were
obtained by placing the molecules above different adsorption
sites at about 2 Å from the relaxed clean surface on each side
of the slab. The relaxed HAP(0001) is slightly corrugated
due to the presence of the Ca2+ ions displaced above the
surface layer (Fig. 2), which introduces further difficulties in
identifying the lowest-energy configurations of the adsorbed
molecules. However, given the small size of the selected
molecules and the symmetrical distribution of the adsorption

FIG. 2. Orientation of the OH− groups across the HAP(0001)
slab model. The total energy relative to the lowest-energy configu-
ration, �Etot , is given below each model. The work functions of the
top and bottom surfaces are indicated as �top and �bottom.

sites, we generated a set of adsorption configurations suffi-
cient to explore different HAP(0001) adsorption sites at a
reasonable computational cost. Hence, for each adsorption
system Mol/HAP, where Mol = CO, CO2, C2H2, CH4, H2,
H2O, NH3, SO2, or BCl3, we generated a total of 12 configura-
tions. The atomic coordinates for the optimized lowest-energy
adsorption structures are provided in the SM [34], Sec. S10.

III. RESULTS AND DISCUSSION

A. Gas-phase molecules

For gas-phase molecules, the most important properties are
summarized in Table I. Compared to experimentally reported
values [42–44], the PBE + D3 bond lengths and bond angles
deviated by less than 2%, while the binding energies exhibited
larger deviations, from 1.04% for H2 up to 13.34% for BCl3.
The total dipole moment and the atomic charges were cal-
culated using the density-derived electrostatic and chemical

TABLE I. Structural, energetic, and electronic properties of the gas-phase molecules. Average bond length, d0(Å); average bond angle,
α0(◦); binding energy per atom, Eb (eV); total dipole moment, μMol

0 (D); and average atomic charges of cationic and anionic atoms (indicated
by superscripts) within each molecule, respectively, QMol

+ and QMol
− (e). For C2H2, d0 corresponds to the C≡C bond, while the optimized C–H

bond measured 1.07 Å, and α0 corresponds to the average CCH angle. Values in parentheses correspond to the percentage deviations relative
to experimental results [36,42–44].

Property CO CO2 C2H2 CH4 H2 H2O NH3 SO2 BCl3

d0 1.14 1.17 1.21 1.10 0.75 0.97 1.02 1.45 1.75
(0.89) (1.10) (0.34) (0.87) (1.56) (1.38) (1.10) (1.61) (0.30)

α0 180.00 180.00 109.47 104.09 106.00 119.35 120.00
(0.00) (0.00) (0.00) (−0.40) (−0.65) (0.01) (0.00)

Eb −5.82 −6.00 −4.49 −3.64 −2.26 −3.38 −3.27 −4.05 −3.71
(4.62) (8.18) (5.91) (5.77) (1.04) (5.90) (5.52) (10.10) (13.34)

μMol
0 0.18 0.00 0.00 0.00 0.00 1.81 1.50 1.55 0.00

(62.75) (0.00) (0.00) (0.00) (0.00) (−2.30) (2.34) (−4.80) (0.00)
QMol

+ 0.11C 0.72C 0.22H 0.15H 0.00H 0.38H 0.29H 0.74S 0.48B

QMol
− −0.11O −0.36O −0.22C −0.60C 0.00H −0.76O −0.88N −0.37O −0.16Cl
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(DDEC6) approach [45,46]. For nonpolar molecules (CO2,
C2H2, CH4, H2, and BCl3), the total dipole moment was null
for all cases, while for polar molecules (H2O, NH3, and SO2),
it deviated within ±5% relative to experimental results [44].
Regarding the noticeable overestimation of the total dipole
moment for the CO molecule, previous studies [47,48] also
encountered similar results. For the atomic charges, the calcu-
lated values are consistent with the tendencies expected from
the electronegativity difference between the cationic and the
anionic atoms within each molecule. We report additional the-
oretical results to reinforce the agreement with experimental
results in the SM [34], Sec. S5.

B. Bulk properties

The HAP crystal exists naturally in two different space
group symmetries, namely, the P63/m hexagonal [37] and
the P21/b monoclinic [49] structures (Fig. 1). The major
difference between the two phases lies in the orientation of
the OH− groups along the [0001] direction, which doubles
the number of formula units within the monoclinic unit cell
compared with the hexagonal one. Most studies identify a sta-
tistical disorder of the OH− groups in the hexagonal structure
[50], whereas in the monoclinic structure, the OH− groups are
ordered upwards in one column and downwards in the nearest-
neighbor column [49]. Although the OH− misalignment in the
hexagonal HAP is adequately described by fractional occupa-
tions within the P63/m space group, the equivalent positions
above/below the mirror plane generate a duplication of each
OH− that breaks the HAP stoichiometry in computational
simulations. To overcome this limitation, we reduced the crys-
tal symmetry to P63 while fixing the alignment of the OH−
groups to maintain the correct stoichiometry [38,39,51].

From the optimization of the lattice parameters, we found
a0 = b0 = 9.497 Å and c0 = 6.863 Å for the hexagonal HAP
structure, while a0 = 9.475 Å, b0 = 2a0, and c0 = 6.880 Å
for the monoclinic HAP structure. Upon comparison with
experimental measurements [37,49], the unit cell of both
hexagonal and monoclinic HAP slightly expanded in the a0

direction (by 0.84% and 0.52%, respectively) and contracted
in the c0 direction (by −0.17% and −0.02%, respectively).
Moreover, the addition of the vdW D3 correction improved
the agreement with the experimental results due to the attrac-
tive nature of the vdW correction and common overestimation
of lattice parameters by the PBE functional. The slightly
greater deviations observed for the hexagonal phase are likely
connected to the imposed alignment of the OH− groups. Com-
pared to other DFT-PBE studies [52–54], our results deviated
by less than 1%, thus indicating that both bulk structures are
accurately represented.

Although monoclinic HAP had been reported as the
most stable form, the prominent use of hexagonal HAP in
biomedical [55] and catalytic [10] applications has made the
hexagonal phase more relevant and frequently more studied
[56]. Our results indicate that the monoclinic phase is lower
in energy compared to hexagonal HAP by 16.95 meV per
formula unit (0.77 meV per atom), which is in qualitative
agreement with experimental [57] and theoretical [18,38,39]
results. However, we should keep in mind that the relative
energy difference between the two structures is in the limit of

the accuracy of the present calculations. In the present study,
we selected the P63 hexagonal phase structure to accurately
model HAP at a more feasible computational cost.

C. Clean surface properties

The thickness of the slab was determined from evaluat-
ing the convergence of surface properties with respect to the
number of layers stacked along the direction perpendicular
to the HAP(0001) surface, the z direction in our frame-
work. From the slab thickness calculations, we found that
four layers is sufficient to converge both energetic and geo-
metric properties, which is consistent with previous studies
[17,19,21,58,59]. The construction of the slab model directly
from the hexagonal P63 bulk unit cell originates unequal top
and bottom (0001) surfaces because of the imposed OH−
alignment across the slab, as indicated in Fig. 2(c), and hence,
it would require the addition of dipole corrections to avoid
flow charge across the slab. To obtain equivalent surfaces on
both sides of the slab, we built two additional configurations
by flipping the orientation of the OH− groups, as indicated in
Figs. 2(a) and 2(b). Thus, three models are discussed for the
HAP(0001) surface (Fig. 2).

The OH− alignment can strongly affect the structural [60]
and electronic [17,21] properties of the HAP(0001) surface.
For example, we obtained different interlayer relaxations of
−10.62% (−25.07%), for the top (bottom) outermost layers
of Ca2+ ions in the slab model in Fig. 2(c), OH–OH–OH–OH,
whereas nearly identical relaxations on both sides of the slab
appeared when the OH− groups were aligned as in Fig. 2(a),
OH–OH–HO–HO, and Fig. 2(b), HO–HO–OH–OH, respec-
tively, −25.01% (−24.89%) and −22.25% (−21.93%) for the
top (bottom) outermost layers of Ca2+ ions. For both slabs,
the inversion symmetry was initially broken to check possible
different relaxations on both sides of the slab, which explains
the tiny differences.

Additionally, the asymmetric slab, which is shown in
Fig. 2(c), yields a difference of 0.80 eV between the top and
the bottom surface work functions, �top and �bottom, while
in the symmetric slab models the differences are tiny, e.g.,
0.01 and 0.03 eV. The change in the OH− alignment results in
equivalent surfaces on both sides of the slab, which exempts
the use of dipole corrections because of the null net dipole
moment within the supercell. By evaluating the alternative
OH− alignments, we found that the slab model in Fig. 2(a)
was the most stable configuration, having the O atoms of
the OH− groups pointed towards the vacuum; hence, this
model was used as the substrate throughout all adsorption
systems. Additional results using different number of layers
are reported in the SM [34], Sec. S6.

The atomic displacements observed on the HAP(0001)
surface resulted from the change in coordination of the
vacuum-exposed atoms compared to the bulk geometry. As
indicated in Table II, the interlayer distance, d⊥, for Ca2+ ions
contracted by 25%; for OH− groups, it contracted by 17%,
followed by a misalignment along the z direction [Fig. 2(a)],
to minimize the repulsion between neighboring H atoms [17];
and for the PO4

3− groups, their rearrangement resulted in
a contraction by 20% of the O layers, which increased the
number of accessible O atoms on the HAP(0001) surface. As
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TABLE II. Geometric properties of P63 bulk HAP, clean HAP(0001), and Mol/HAP adsorbed systems. Interlayer distance between the
two outermost layers of the substrate, dCa

⊥ , dP
⊥, dO

⊥ , and dO(H)
⊥ (Å); shortest distance from atoms in the molecule (indicated by superscripts) to

substrate Ca2+ ions, dMol−Ca(Å), and to PO4
3− groups, dMol−O (Å); change in the average bond length, �d0 (%), and change in the average

bond angle, �α0 (%), with respect to the gas-phase molecules.

System dCa
⊥ dP

⊥ dO
⊥ dO(H)

⊥ dMol−Ca dMol−O �d0 �α0

Bulk 1.71 3.43 1.25 3.43
HAP(0001) 1.28 3.67 1.00 2.86
CO/HAP 1.32 3.65 0.97 2.85 2.74C 2.95C −0.38
CO2/HAP 1.35 3.64 0.92 2.86 2.51O 2.83C 0.01 −2.60
C2H2/HAP 1.38 3.61 0.88 2.90 2.91C 2.12H 0.58 −4.38
CH4/HAP 1.35 3.64 0.93 2.86 2.98C 2.46H 0.37 −0.04
H2/HAP 1.30 3.66 0.99 2.86 2.69H 2.64H 1.05
H2O/HAP 1.44 3.62 0.90 2.88 2.36O 1.60H 2.87 1.96
NH3/HAP 1.39 3.65 0.96 2.86 2.51N 1.93H 0.62 0.45
SO2/HAP 1.42 3.61 0.93 2.85 2.35O 2.04S 2.27 −7.59
BCl3/HAP 1.52 3.53 0.80 2.95 2.76Cl 1.44B 8.23 −8.46

expected from a well-converged surface slab, the inner layers
showed only minor modifications of their atomic positions
compared to the crystalline structure, indicating a bulklike
behavior. A visual representation of the HAP layers and their
respective distances are provided in Fig. 3.

D. Adsorbed systems

In this section, we discuss the PBE + D3 results obtained
for the optimized lowest-energy adsorption structures repre-
sented in Fig. 4. Additional degenerate and higher-energy
configurations are available in the SM [34], Sec. S7.

1. Adsorption site preference

All adsorbates on the HAP(0001) surface showed an en-
ergetic preference for the vicinity of the most exposed Ca2+
ions where neighboring O atoms of PO4

3− groups played an
important role in stabilizing and determining the orientation of
the molecules (Fig. 4). In this respect, HAP(0001) presented
a delicate balance of electrostatic attraction in the system that

FIG. 3. Schematic side view of HAP layers, in which di
⊥ in-

dicates the interlayer distance relative to the chemical species i =
{Ca, P, O, O(H)} in the substrate.

maximizes the interaction of the cationic and anionic regions
of the molecule with adsorption sites of opposite charges.

For all selected probe molecules, the cationic atoms within
the molecule interacted mostly with the O atoms of PO4

3−
groups, Lewis basic sites, while the anionic atoms within
each molecule were more attracted by the Ca2+ ions, Lewis
acidic sites. This trend can be seen in the shortest distances
between atoms in molecules and the substrate. The only ex-
ception occurred for CO, which, due to the charge of the
highest occupied molecular orbital (HOMO) being mainly
located around the C atom [47], was primarily adsorbed by
its carbon atom to both Lewis acidic and Lewis basic sites.
This adsorption mode is consistent with previous studies for a
wide range of surfaces [19,59,61,62]. Although OH− groups
emerging from HAP OH− tunnels have been experimentally
identified as negatively charged surface sites [12,13,41], the
OH− groups in our HAP(0001) model are less exposed to
the surface, compared to the Ca2+ ions and PO4

3− groups,
due to the rearrangement of the surface layers upon structural
optimization; however, as discussed in previous sections, they
play a crucial role in the properties of the bulk and clean
surface.

2. Adsorption and interaction energies

To characterize the strength of the interaction between the
probe molecules and the HAP(0001) surface, we evaluated the
adsorption energy as

Ead = 1
2

(
EMol/Sub

tot − 2EMol
tot − ESub

tot

)
, (1)

where EMol/Sub
tot is the total energy of the adsorbed system,

EMol
tot is the total energy of the gas-phase molecule, and ESub

tot is
the total energy of the clean HAP(0001) substrate. Moreover,
we calculated the interaction energy, Eint, which is related to
Ead by

Eint = Ead − 1
2�EMol

tot − 1
2�ESub

tot , (2)

where �EMol
tot and �ESub

tot are the deformation energies of the
molecule and the substrate, i.e., the energy difference between
the isolated systems frozen in their adsorbed and optimized
geometries. The factors 1

2 in Eqs. (1) and (2) are consequences
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FIG. 4. Optimized lowest-energy configurations of adsorbed
molecules on HAP(0001). The adsorption energy, Ead (eV), is given
below each structure. To facilitate visualization, the oxygen atoms in
the molecules are depicted as light-green spheres.

of adsorbing molecules on both sides of the slab. PBE + D3
results are shown in Fig. 4 and summarized in Table III.

The relatively large range of Ead values indicates that the
adsorption was strongly connected to the physical proper-
ties of each molecule and the adsorption site. H2 and CH4

showed the weakest interactions with the substrate since both
molecules are nonpolar and have a high covalent character.
For CO, the electronic charge distribution mainly located
around the C atom [47] generates a permanent dipole moment
that increased its interaction with the substrate. Meanwhile,
when the adsorption occurred via the O atom, the interaction
was higher in energy by only 0.39 eV.

Although CO2 and C2H2 are nonpolar, both molecules
have polar bonds within their structures that contributed to
stronger interactions with the surface. For CO2, the elec-
tronegativity of O atoms induces a positive partial charge on

TABLE III. Energetic properties of the adsorbed systems.
Adsorption energy, Ead (eV); interaction energy, Eint (eV); and defor-
mation energies for the isolated molecule, �EMol

tot (eV), and isolated
substrate, �ESub

tot (eV).

System Ead Eint �EMol
tot �ESub

tot

CO/HAP −0.47 −0.49 0.00 0.02
CO2/HAP −0.57 −0.65 0.03 0.05
C2H2/HAP −0.76 −0.92 0.03 0.13
CH4/HAP −0.35 −0.42 0.02 0.05
H2/HAP −0.19 −0.19 0.00 0.00
H2O/HAP −1.18 −1.41 0.07 0.16
NH3/HAP −1.17 −1.25 0.01 0.07
SO2/HAP −1.16 −1.85 0.16 0.52
BCl3/HAP −1.89 −4.50 1.70 0.91

the C atom, while for C2H2 the triple C≡C bond generates
an accumulation of charge at the center of the molecule. The
magnitude of Ead and Eint increased further for the polar
molecules with a permanent dipole moment and higher ionic
character (H2O, NH3, and SO2), while the largest values were
observed for BCl3, which has the strongest Lewis acidity
compared to the other probe molecules. Compared with pre-
vious DFT studies, we obtained lower adsorption energies.
The reported values for the adsorption energy of CO [19] and
H2O [17] on the HAP(0001) surface are −0.32 and −1.14 eV,
respectively.

For all systems, the Eint values were greater than the Ead

because of the geometric changes that occurred upon adsorp-
tion. In general, the geometric perturbations were directly
proportional to the strength of the adsorption, i.e., for systems
with lower adsorption energies, smaller differences between
Eint and Ead were observed; otherwise, as the adsorption
energy increased, so did the difference Eint − Ead. For most
systems the deformation energy of the substrate, �ESub

tot , was
greater than the deformation energy of the adsorbed molecule,
�EMol

tot , suggesting that the geometric deformations of the
substrate contributed more to the structural stabilization of
the adsorbed systems. In contrast, the deformation energy of
BCl3 was greater than the deformation energy of the substrate,
indicating that the structure of BCl3 is more affected than
the structure of the substrate upon adsorption. The structural
changes due to adsorption are listed in Table II.

3. Geometric properties

The geometric properties used to characterize the adsorbed
systems are summarized in Table II, while a visual represen-
tation of the interlayer distances is provided in Fig. 3. For all
adsorbed systems, the presence of the adsorbate increased the
coordination of vacuum-exposed atoms, contributing to their
electrostatic stabilization. This effect is more pronounced for
the outermost Ca2+ layers, which expanded vertically com-
pared to the clean HAP(0001). The most significant change
occurred for BCl3: the molecule with the greatest adsorption
energy and shortest distance from the substrate. In contrast,
for all adsorbed systems the outermost O layers contracted
compared to the clean HAP(0001). The rearrangement of O
atoms on the surface follows the shift of PO4

3− tetrahedrons
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FIG. 5. Electron density difference isosurfaces (0.01 e Å−3) for the lowest-energy adsorption configurations. Yellow and blue regions
indicate accumulation and depletion of charge, respectively. �ρz (e Å−1) is the plane-average electron density along the direction perpendicular
to the surface, z direction. The dashed red and blue lines indicate, respectively, the center of mass of the adsorbed molecule and the position of
the most exposed Ca2+ on HAP(0001).

towards the center of the slab, as observed by the reduced
distance between the layers of P atoms.

For most systems, the shortest distance between the
molecule and the substrate occurred via the O atoms of PO4

3−
groups; however, for CO and CO2, the shortest distance ap-
peared between the molecule and the most exposed Ca2+ ion
on the surface. Moreover, the distance between the molecule
and the substrate was inversely proportional to the adsorption
strength, that is, molecules such as BCl3, SO2, H2O, and
NH3 showed greater Ead values and, consequently, smaller
distances from the substrate.

Regarding the noticeable overestimation of the CO total
dipole moment, in which the C–O bond becomes stronger
when the molecule interacts with the surface via its HOMO
[47,63]. The geometry of BCl3 was the most affected upon
adsorption, followed by H2O and SO2. Another notable as-
pect of geometric deformation was observed for NH3, which,
despite having an adsorption energy in the same range as that
of the other polar molecules, displayed geometric deformation
similar to that of nonpolar molecules with a lower adsorption
energy.

The change in the molecular angles varied according to the
electronic effects for each molecule. For BCl3, there was a
rearrangement from a planar structure to a trigonal pyramid
with decreased ClBCl angles, due to the increased occupation
of its molecular orbitals [64]. For CO2, a similar behavior is
also possible with a bent OCO configuration [65], however,
this was not observed for our CO2/HAP systems owing to the
lack of net charge transferred between the adsorbed molecule
and the substrate. The change in the molecular angles did not
correlate with the adsorption strength; H2O, NH3, and SO2

showed similar Ead values, yet their angular deformations are
completely distinct.

4. Electron density difference and atomic charges

The electron density difference upon adsorption was calcu-
lated as

�ρ = ρMol/Sub − ρMol − ρSub , (3)

where ρMol/Sub is the electron density of the adsorbed system,
while ρMol and ρSub are the electron densities of the isolated
molecule and the isolated substrate frozen in their respective
adsorbed geometries. Figure 5 depicts the isosurfaces and
plane-average electron density along the z direction, while the
atomic charges computed using the DDEC6 approach [45,46]
are listed in Table IV.

The electron density difference revealed a charge ac-
cumulation near the most exposed Ca2+ ion and small
perturbations around neighboring substrate atoms. As the ad-
sorption strength increased, the extent of the electron density
perturbations tended to increase spatially; for example, signif-
icant charge perturbations could be observed in the substrate
of SO2 and BCl3 systems at the selected isosurface level. The
charge accumulation next to the Ca2+ ion could be related to
its net positive atomic charge, which generates a capacity to
accept charge in the region via electrostatic interaction and,
thus, indicates a Lewis acidic character for this adsorption
site. For opposite reasons, the neighboring O atoms of PO4

3−
could be considered adsorption sites with a Lewis basic char-
acter, as their net negative atomic charges tended to attract the
portion of the molecules with charge depletion. Moreover, in
all systems containing H atoms, there was a charge depletion
around them, which could be related to the weakening of the
–H bonds. Despite the tangled aspect of the isosurfaces, the
earlier observations can also be applied for SO2 and BCl3
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TABLE IV. Electronic properties of the adsorbed systems. Charge variation of the substrate atoms, �QCa, �QP, and �QO (e); total charge
variation of the substrate, �QSub (e); charge variation of cationic and anionic atoms (indicated by superscripts) within the molecule, �QMol

+
and �QMol

− (e), respectively; total adsorption-induced change in the surface dipole moment, �μz (D); and change in the work function,
�� (eV).

System �QCa �QP �QO �QSub �QMol
+ �QMol

− �μz ��

CO/HAP −0.11 −0.02 0.02 −0.05 −0.01C 0.06O −1.53 −0.14
CO2/HAP −0.02 −0.02 0.03 −0.03 0.07C −0.10O −0.42 −0.16
C2H2/HAP −0.06 −0.02 0.05 −0.05 0.03H −0.01C −0.49 −0.19
CH4/HAP −0.03 −0.02 0.04 −0.03 0.02H −0.05C −0.15 −0.23
H2/HAP −0.04 −0.02 0.04 −0.02 0.04H −0.02H −0.55 −0.08
H2O/HAP −0.01 −0.01 0.04 0.01 0.04H −0.09O 1.97 −0.14
NH3/HAP −0.06 −0.01 0.02 −0.05 0.04H −0.07N −0.42 −0.65
SO2/HAP −0.01 −0.03 0.21 0.24 0.15S −0.20O 10.15 0.37
BCl3/HAP −0.03 0.04 0.20 0.33 0.18B −0.17Cl 14.49 1.14

adsorbed systems. Additional views of the electron density
difference isosurfaces are available in the SM [34], Sec. S7.

For all systems, the charge of the most exposed Ca2+
ion decreased, while the charge of its neighboring O atom
increased. These charge variations could also reinforce their
potential as Lewis acidic and Lewis basic adsorption sites,
respectively. Concerning the atomic charges of the adsorbates,
the redistribution of the electron density enhances the ionic
character in the molecular bonds by increasing the distinction
of cationic and anionic atoms, i.e., their charges become more
positive or more negative depending on the electronegativity
of each element. As mentioned earlier, the CO molecule inter-
acts with the surface via its HOMO, which is mainly located
on the carbon atom. The CO electron density difference iso-
surfaces show a significant charge accumulation around the
carbon atom and a charge depletion near the oxygen atom,
which is consistent with the observed negative and positive
charge variations for the respective atoms.

5. Dipole moments and work function

From the electron density difference, we observed that the
presence of the adsorbate produced an electronic redistribu-
tion on the HAP(0001) surface that also impacts the surface
dipole moment. The total adsorption-induced change of the
surface dipole moment, �μz, was calculated as

�μz = �μMol/Sub
z + μMol

z + μSub
z − μSub

0,z , (4)

where �μMol/Sub
z is the change of the surface dipole related to

the charge redistribution, μMol
z is the dipole moment of the ad-

sorbed molecule, μSub
z is the dipole moment of the substrate in

the presence of the adsorbate, and μSub
0,z is the dipole moment

of the clean substrate. Equation (4) shows that there are three
contributions to the change of the surface dipole moment.
The first contribution comes from the charge rearrangement
induced by the adsorbate [66], given by

�μMol/Sub
z =

∫ z1

z0

z�ρzdz , (5)

where z0 and z1 correspond to the position at the center of the
substrate and the position at the center of the vacuum region
of the slab model, respectively. �ρz is the electron density

difference, Eq. (3), averaged over the xy plane along the z
direction.

The second contribution is due to the dipole of the ad-
sorbed molecule, while the third contribution is due to the
displacement of the atomic positions in the substrate, given
by the difference between the dipole moment of the substrate
after and before adsorption. We emphasize that the reported
dipole moments of the adsorbed molecule and the substrate,
calculated using the DDEC6 atomic charges, correspond only
to the vector component along the z direction. The change in
the surface dipole moment determines the change in the work
function, ��, calculated as the difference between the work
function of the adsorbed system and that of the clean substrate.
Table IV and Fig. 6 show the results for work function and
surface dipole changes.

The change in the work function increased linearly with
the total change in the surface dipole moment. This lin-
ear correlation was mostly observed for H2O, NH3, SO2,
and BCl3 adsorption systems, where the presence of the
adsorbed molecules significantly affected the geometric and
electronic properties of the substrate. For the remaining sys-
tems, the magnitude of the work function change was very
similar, which could be related to the reduced amount of
charge transferred and less expressive polarization effects.
Figure 6(d) shows that the change in the surface dipole mo-
ment determined the change in the work function, having the
displacement of the atomic positions in the substrate as the
main contribution [Fig. 6(c)]. In the presence of the adsor-
bate, the atomic positions of the substrate were reorganized to
accommodate the molecule and reduce the magnitude of the
electrostatic repulsion. Moreover, polarization effects caused
by the charge redistribution and the dipole moment of the
adsorbed molecule also influenced the surface dipole moment.

For comparison, we have also examined the linear relation-
ship between the work function and the surface dipole changes
from electrostatics [67], given by

�� = 12π�

A
�μz , (6)

where � is the surface coverage in monolayers (ML), A is
the area of the 1 × 1 surface unit cell in Å−2,�� is the
work function change in eV, and �μz is the surface dipole
change in Debyes (D). Equation (6) shows that the work
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FIG. 6. Relationship between work function and surface dipole
changes. Dashed lines indicate the linear regression considering only
the values for H2O, NH3, SO2, and BCl3 adsorption systems, shown
in blue. Solid lines show the effect of different surface coverages on
the linear regression slope. Yellow, orange, and red lines represent
� = 0.10, 0.20, and 0.30 ML, respectively.

function and the surface dipole changes are proportional, with
a predetermined slope of 0.48 eV/D for � = 1.00. The lin-
ear regression [Fig. 6(d)] for the H2O, NH3, SO2, and BCl3
adsorption systems has a slope of 0.10 eV/D. This difference
can be attributed to the fact that our investigated systems have
a lower surface coverage, which is one molecule per 1×1
surface unit cell. By adjusting the value of � in Eq. (6), the
surface coverage in our adsorption systems was estimated to
be 0.22 ML. Details on the calculation of the surface dipole
change as well as the numerical values of each contribution
are provided in the SM [34], Sec. S9.

6. Density of states

To investigate the role of the electronic states in the
Mol/HAP systems, we calculated the local density of states
(LDOS) averaged per atom for the lowest-energy adsorp-
tion configurations, as shown in Fig. 7. For the adsorbed
molecules, the LDOS values were averaged per cationic and
anionic atoms, while for the substrate, the LDOS values were
averaged per vacuum-exposed Ca, O, and P atoms on the
HAP(0001) surface.

For the adsorption of CO, CO2, C2H2, CH4, and H2, we
noted a broadening in the molecular electronic states. The
more noticeable broadening of C2H2 could be related to the
perturbation in the electron density of the C≡C bond due to
the lateral interaction with the Ca2+ ion, thus showing that
the molecular orientation could affect the superposition and
hybridization of molecular bonding orbitals. Analogously, the
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FIG. 7. Local density of states (LDOS) averaged per atom for
the lowest-energy adsorption structures. Blue, red, and pink lines
refer, respectively, to vacuum-exposed Ca, O, and P atoms on the
HAP(0001) surface, while black and green lines refer to atoms within
the adsorbed molecules. The dashed vertical lines indicate the Fermi
energy.

molecular orientation effect could be demonstrated by the CO
adsorption, in which the electronic states of the molecule were
stabilized when CO was adsorbed via its C atom.

For the adsorption systems with greater adsorption en-
ergies (H2O, NH3, SO2, and BCl3), the broadening of
the molecular states was more expressive, which could be
attributed to the increase in molecular dipoles and the en-
hancement of the atomic charges in the adsorbed molecules.
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TABLE V. Acid-base character of the preferential adsorption site
based on bond order (BO) values. BO between the atoms within the
adsorbed molecule (indicated by superscripts) and the Lewis acidic
(Ca2+) and Lewis basic (PO4

3−) adsorption sites, BOCa and BOO,
respectively. The ”site” column indicates the prevailing interaction
upon adsorption.

System BOCa BOO Site

CO/HAP 0.18C 0.06C Acidic
CO2/HAP 0.16O 0.05C Acidic
C2H2/HAP 0.09C 0.08H Acidic/basic
CH4/HAP 0.07C 0.05H Acidic/basic
H2/HAP 0.04H 0.04H Acidic/basic
H2O/HAP 0.23O 0.20H Acidic/basic
NH3/HAP 0.22N 0.11H Acidic
SO2/HAP 0.23O 0.53S Basic
BCl3/HAP 0.22Cl 0.95B Basic

For the substrate, the LDOS showed only minor changes,
which could be associated with the strong ionic character of
the material and the negligible charge transferred between
the adsorbed molecule and the substrate; nevertheless, the
substrate LDOS decreased for the O states near the Fermi
level, especially for SO2 and BCl3, which could be related
to the increase in the work function, since the lower LDOS
values indicate fewer electrons with an energy close to the
Fermi level.

IV. INSIGHTS INTO HAP(0001) ADSORBED SYSTEMS

Experiments have shown that the characterization of Lewis
acidic and Lewis basic adsorption sites on substrates should
preferably involve probe molecules with dominant basic and
acidic properties, respectively [63,68,69]. The practical lim-
itation for this type of analysis is that the substrate’s acidity
and basicity cannot be fully assessed because the characteri-
zation can be influenced by the physicochemical properties of
the selected probe molecule [68]. Based on our findings, we
identified that simultaneous acid-base interactions occurred
in the adsorption of all investigated molecules, which could
introduce further difficulties to distinguish the HAP surface
sites.

To understand which type of interaction is dominant for
each probe molecule, we employed the DDEC6 approach [70]
to compute the individual bond orders between the adsorbed
molecule and the preferential acidic (Ca2+ ions) and basic
(PO4

3− groups) adsorption sites (Table V). From these val-
ues, we assigned whether the interaction Mol/HAP occurs
predominantly via acidic, basic, or both regions based on the
magnitude of the bond orders. For CO, CO2, and NH3, the
population of the electrons is greater between the anionic
termination of the molecule and the Ca2+ ion, which has
Lewis acidic properties due to its ability to accept neighbor-
ing charges. Conversely, for SO2 and BCl3, greater values
occur between the cationic termination of the molecule and
the O of PO4

3−, which has Lewis basic properties. For the
remaining probe molecules, C2H2, CH4, H2, and H2O, we
note an adsorption at equally important acidic and basic sites,

as both substrate regions interact equally with the molecule
via termination of opposing charges.

Concerning the role of vacuum-exposed Ca2+ ions as
Lewis acidic sites, spectroscopic measurements revealed that
both amorphous and crystalline HAP are similar in terms
of Lewis acid strength [71]. Furthermore, previous DFT
studies computed Ca2+ ions as the most HAP acidic sites
via the adsorption of CO, where the distances from the
carbon atom of CO to the HAP(0001), HAP(0010)Ca-rich,
and HAP(0010)P-rich surfaces stayed between 2.7 and 2.8 Å
[19,59]. Calorimetric and ab initio calculations for the adsorp-
tion of H2O on HAP(0001) and HAP(0010) also indicated a
strong interaction between adsorbate and exposed Ca2+ ions,
followed by an additional reinforcement from the H-bond
interaction with the basic oxygen atoms of neighboring PO4

3−
groups [58]. Although we only investigated the HAP(0001)
termination, our adsorption results are consistent with pre-
vious studies, indicating that our model could also capture
results seen in other HAP faces. These conclusions, how-
ever, should not be considered definitive for nonspecified
HAP faces without further detailed investigation, since the
properties of the same adsorption sites may differ for nonsto-
ichiometric and defective surfaces.

As often used in characterization studies, CO and NH3

can be considered suitable probe molecules for the direct
assessment of HAP(0001) acidic sites. The main distinc-
tion between these two probe molecules is that the cationic
termination of CO barely interacts with the HAP surface.
Conversely, the assessment of HAP(0001) basic sites via
the adsorption of CO2 would result from an indirect mea-
surement of acidic sites, due to the predominant interaction
seen between its O atom and Ca2+ ions. Future studies on
other surface planes and under different temperature and pres-
sure conditions could provide details regarding the adsorption
of CO2 and its interaction with HAP basic sites. From the
computed bond order values, SO2 and BCl3 were the only
molecules that mostly interacted with HAP(0001) basic sites;
as for the remaining molecules (C2H2, CH4, H2, and H2O), the
interaction with HAP(0001) was equally balanced between
acidic and basic surface sites.

V. CONCLUSIONS

In the present study, we employed ab initio DFT calcula-
tions to characterize the adsorption of CO, CO2, C2H2, CH4,
H2, H2O, NH3, SO2, and BCl3 on the HAP(0001) surface. By
evaluating the geometric, energetic, and electronic properties
of the adsorption systems, we showed that the Ca2+ ions and
neighboring O atoms of PO4

3− groups could be identified,
respectively, as the preferential Lewis acidic and Lewis basic
adsorption sites on the HAP(0001) surface. The analysis of
the adsorption energies revealed that the molecule-substrate
interaction was stronger for molecules with a greater elec-
tronegativity difference between their cationic and anionic
atoms. As a consequence, molecules with greater adsorption
energies also showed greater geometric deformation as the
molecule-substrate distance became shorter. Despite the low
amount of charge transferred upon adsorption, all adsorbed
systems presented polarization effects due to the reorgani-
zation of the electronic density, which also contributed to
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the change in the surface dipole moment. The change in the
work function was linearly determined by the change in the
surface dipole moment, having the geometric deformation of
the substrate as the main contribution.

To explore the acidity and basicity of the HAP(0001) active
sites, we evaluated the redistribution of the electron density
and the change in the atomic charges, thus confirming Lewis
acidic properties for the Ca2+ ions and Lewis basic properties
for neighboring O atoms of PO4

3− groups. Moreover, this
acid-base pair was identified as the preferential adsorption
site for all selected probe molecules, in which the molecule-
substrate interaction could be simultaneously stabilized by the
positively and negatively charged terminations exposed on
the surface. The computed bond orders also support the fact
that the characterization of HAP(0001) active sites could be
influenced by the properties of the selected probe molecule,
as simultaneous acid-base interactions occur for the same
adsorption site. In this respect, our results contribute to an
atomistic understanding of the adsorption of probe molecules
on the HAP(0001) surface, which could be useful for the
appropriate selection of probe molecules to characterize the
acid-base properties of HAP surfaces.

All results obtained in this work are reported in the paper.
Additional analyses and the atomic coordinates of the opti-

mized lowest-energy adsorption configurations are available
in the Supplemental Material. Additional data can be obtained
upon request directly to the author.
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