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Abstract: The acidity of anatase titania before and after KOH doping was probed by pyridine
adsorption in a pulse microreactor and modeled by DFT optimization of the geometry of CO and
pyridine adsorption on a periodic slab of (101) and (100) surfaces using a GGA/PBE functional and
verified by an example of a single-point calculation of the optimized geometry using an HSE-06
hybrid functional. The anatase (101) surface was slightly more acidic compared to the (100) surface.
Both experimental and computational methods show that the acidity of anatase surfaces decreased
after KOH doping and increased after the dissociative adsorption of water. Higher acidity of Ti metal
centers was indicated by the shortening of the Ti-N, Ti-C, and C-O bond lengths, increasing the IR
frequency of CO and pyridine ring vibrations and energy of adsorption. The DFT calculated energy
of pyridine adsorption was analyzed in terms of binding energy and the energy of lattice distortion.
The latter was used to construct Hammett plots for the adsorption of 4-substituted pyridines with
electron-donating and -withdrawing substituents. The Hammett rho constant was obtained and used
to characterize the acidity of various metal centers of −1.51 vs. −1.46 on pristine (101) and (100)
surfaces, which were lowered to −1.07 and −1.19 values on KOH-doped (101) and (100) surfaces,
respectively. The mechanism of lowering surface acidity via KOH doping proceeds through the
stabilization of the atomic structure of Lewis acid centers. When an alkaline metal cation binds to
several lattice oxygen atoms, the surface structure becomes more rigid. The ability of Ti atoms to
move toward the adsorbate is restricted. Consequently, the lattice distortion energy and binding
energy are decreased. In contrast, higher flexibility of the outermost layer of Ti atoms as a result of
electron density redistribution, for example, in the presence of water on the surface, allows them
to move farther outward, make shorter contacts with the adsorbate, and attain higher energies of
binding and lattice distortion.
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1. Introduction

The deposition of alkali metals is a key method for modifying surface acid–base
properties. Alkaline doping of metal oxides significantly improves their catalytic activ-
ity and catalyst stability for several catalytic processes involving renewable energy and
fuel production. Examples include titanium oxide photocatalytic oxidation of organic
materials and photolysis of water [1], dehydration of methanol to dimethyl ether [2], and
decarboxylative ketonization (preparation of ketones from carboxylic acids proceeding
with decarboxylation) [3–6], an important step in biofuel upgrading [7]. Alkaline doping
produces a remarkably contrasting effect between metal oxide catalysts, such as monoclinic
zirconia and anatase titania, not seen for other TiO2 polymorphs, such as brookite and
rutile, with an unprecedented selectivity switch from the symmetrical to the cross-product
in the preparation of methyl ketones [8,9], an important class of industrial intermediates,
which is attainable in biorefineries [10]. The reason for the doping action is only partially
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understood [9,11] but is undeniably dependent on the synergistic role of acid–base pairs
within the catalytic sites [12,13]. Acid–base pairs play a definite role in the decarboxyla-
tive ketonization mechanism, which starts from the mainly dissociative adsorption of
carboxylic acids on metal oxides generating protons as a highly mobile acid attached to the
lattice oxygen atoms and the less mobile carboxylate acting as a base bound to the acidic
metal centers [14–17].

To elucidate the above catalytic mechanisms, we decided to study the dependence of
the acidity–basicity function of well-defined anatase titania surfaces on adsorbate coverage
and the degree of alkaline doping. Such knowledge could help us to explain the specific
response of anatase catalysts to the presence of alkaline metals. The initial target was
an idealized surface free from defects or adsorbate reactions by the classic approach of
probing molecule adsorption. Upon close examination, a new physical phenomenon was
discovered by DFT methods during the surface response to the probing process while
revealing the role of alkaline metal promoters in surface stabilization.

Although acidity and basicity are fundamental concepts in chemistry for characterizing
reactivity in the gas phase or in solution, they are difficult to quantify when applied to
surfaces. The acid and base properties of molecules are well understood in terms of
Lewis or Bronsted theories and quantitatively measured through the equilibrium constant
involving a conjugate pair of acid and base, for example, through the pKa values in
solution. Conversely, the characterization of solid surfaces is more complicated due to the
variety of atomically scaled groups with a broad range of acid–base strengths [18]. The
acid–base equilibrium on the gas–solid interface involves a range of individual surface
centers. Unlike in solution, their acid–base strength is not mediated by the presence of
a solvent enabling proton exchanges. Instead, the equilibrium at each center is affected
by the events taking place nearby on the surface through the mechanism of altering the
surface structure. The adsorption of probe molecules on metal oxide surfaces with different
oxidation states of metal cations and local geometries—different facets or edges, corners,
steps, and kinks—is believed to be the reason for the observation of a broad range of surface
acidities. Yet, the classification of acid centers as weak, medium, or strong is often used, for
example, by the Temperature Programmed Desorption (TPD) method, which is too broad
and not well-defined [19]. A major drawback of TPD is its operation under nonequilibrium
conditions, thus lacking the essential requirement for comparative measurements. Also,
it can be misleading because the lateral effects of adsorbates bound on sites with equal
acidity may create an appearance of surface heterogeneity in TPD analysis, not owing to
local geometry or oxidation state differences. Differentiation between weak and strong
acidity in TPD analysis may arise as an artifact. At high coverage and low temperatures,
adsorbates are loosely bound, suggesting weak acidity. As the temperature rises and
coverage drops, stronger binding at the remaining sites indicates stronger acidity. Due
to the above limitations of TPD, vibrational spectroscopy [20] is a more common method
to study surface acidity, which offers the advantage of maintaining equilibrium at any
desired constant temperature. Both weakly and strongly binding probing molecules are
used. Typical examples include CO, NO, CO2, ammonia, pyridine, or tetrahydrofuran
molecules that can change the frequency of certain vibrations affecting the basic center of
the probing molecule and the acidic center on the surface proportionally to the energy of
the acid–base interaction [20,21]. However, the spectroscopy method also measures acidity,
which still depends on coverage. To overcome the problem of weakening adsorption
energy per molecule at increasing coverage, it has been suggested to restrict the analysis
to a minimum coverage and use probing molecules showing minimal interaction energy,
therefore causing the smallest perturbation of the surface structure [18]. Such an approach
may not accurately reflect catalytic processes under high surface coverage by moderate
or strong binding adsorbates. To overcome the above problems, we decided to study and
compare the application of weak and strong basic probe molecules and justify the possible
use of the latter.
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Another problem is steric repulsion, which is believed to be responsible for adsorbate–
adsorbate interactions that reduce the binding energy of neighboring adsorbates. Participation
of the surface lattice in producing this effect is acknowledged but not sufficiently under-
stood [22,23]; therefore, it is interesting to explore. In addition, it is of interest to see if the
adsorption energy is closely related to surface polarizability as it has been proposed in the
form of a general concept [24].

Finally, we would like to justify our choice of computational method. Recently, the use of
computationally expensive hybrid functionals, such as HSE [25] or the DFT+U approach [26],
to better handle electronic correlation effects has been recommended in numerous studies
on electronic structures and adsorption on anatase titania dedicated to its photocatalytic
properties [27] at the expense of increasing CPU time by up to one or two orders of magnitude.
It has been suggested that the less expensive GGA method does not accurately capture the
localized d-states of reducible atoms, such as titanium, leading to underestimated band gaps
that are important in photocatalysis. Also, PBE’s tendency to over-delocalize electrons can
lead to weaker adsorption energies for adsorbates that interact strongly with the surface and
likely reduce the local Ti charge on the adsorption site from +4 to +3. However, the enormous
task of mapping major anatase titania surfaces by screening a vast number of adsorption
states with a broad range of adsorbates of different basicities with six choices and coverages
with up to four choices and then comparing the same set under the influence of alkaline metal
dopants and water presence on the calculated Lewis acidity is simply unattainable with hybrid
functionals. The total number of computational runs with full geometry optimization exceeded
a hundred and twenty. Use of a computationally cheap DFT method by the generalized
gradient approximation (GGA) approach with the Perdew–Burke–Ernzerhof (PBE) exchange–
correlation functional is the only practical option, which takes an average CPU time between
24 and 220 h per run with 24–64 parallel processors. To make the right choice, we tested and
compared the results of pyridine binding energy with PBE vs. a hybrid HSE-06 functional in
one specific case and found only an insignificant difference. Even if the bulk of the calculations
performed with the PBE functional still have a small systematic error for each calculated point,
there is no reason to believe that the direction of the overall trend for the adsorption energies’
dependence on the variation of sites and the basicity of the substituted pyridines can be
overturned. Therefore, all computations were performed using the GGA/PBE method.

2. Experimental Section and Computational Methods

Instruments: GC/MS data were obtained using a TRACE1300 gas chromatograph
manufactured by Thermo Fisher Scientific, Inc., Waltham, MA, USA, equipped with a
Thermo Scientific ISQ Single Quadrupole mass selective detector and HP-5 MS UI capillary
column, 30 m in length, 0.25 mm in diameter, and 0.25 mkm phase thickness.

Anatase sample preparation: Commercial anatase TiO2 pellets obtained from Alfa Aesar,
Haverhill, MA, USA, with a BET surface area of 37 m2/g and pore volume of 0.29 mL/g
were crushed and sieved to obtain a fraction with a particle size less than 0.25 mm. Doping
by KOH was performed according to the literature procedure as follows [28]: Commercial
anatase pellets (100 g) were soaked in 100 mL of 10% by-weight KOH solution in water
for 24 h at 60 ◦C under reduced pressure. After soaking, the KOH solution was drained,
and the sample was washed three times with 100 mL of deionized water. It was dried at
130 ◦C for 4 h, followed by calcination at 450 ◦C for 2 h with a heating rate of 1 ◦C/min.
The pellets were subsequently crushed and sieved, and the fraction with a particle size of
less than 0.25 mm and a BET surface area of 42 m2/g was collected for adsorption studies.

Pyridine adsorption study: A sample with and without the KOH dopant in a 5–20 mg por-
tion was loaded into the “inside-GC” pulse microreactor [29,30] and saturated with vapors
of pyridine in helium carrier gas by injecting ten pulses of 1.0 µL at temperatures ranging
from 200 to 350 ◦C. Twenty pulses of 0.1 µL of water were added within 100–200 min, and
the integral amount of pyridine displaced by water from the surface to the gas phase was
measured by GC/MS monitoring at m/z 18 for water and m/z 79 for pyridine. The typical
titration curves are shown in Figure S15. Calibration was performed by GC/MS analysis
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using an equimolar mixture of pyridine and water in the absence of the anatase sample
at temperatures ranging from 200 to 350 ◦C (Figure S16). The coverage was calculated
using the sample weight, BET area, and the average concentration of Ti sites of 5.7 nm−2

on anatase titania as determined by DFT studies [30,31].
The DFT computational package DMOL3 supplied by Dassault Systèmes Biovia Cor-

poration [32,33] was used to construct a periodic slab of anatase titania (100) and (101)
stoichiometric surfaces. The crystal structure was built based on bulk lattice parameters
published for anatase titania [34] and adjusted by computing and minimizing its energy.
The unit cell had a depth of six layers containing 16 coordinatively unsaturated Ti and
32 oxygen atoms in each layer for a total of 96 TiO2 molecules. The coordinates of the two
bottom layers were constrained to represent the bulk crystal, while the top four layers
were allowed to relax. The topmost layer had 16 mono-coordinatively unsaturated Ti
atoms. The surface geometry optimization of the periodic slab was performed within GGA
for the electron–electron interaction based on the work of Perdew et al. using the PBE
functional [35] with the double numerical plus polarization basis set until SCF density con-
vergence, optimization energy convergence, and gradient convergence achieved 0.00001,
0.00002, and 0.004 a.u., respectively. The Tkatchenko–Scheffler exchange–correlation was
applied to address intermolecular dispersive interactions [36]. Core electrons were treated
with the all-electron relativistic option, and all calculations were spin-restricted. The real-
space global orbital cutoff radius of 4.6 Å was applied. The Monkhorst–Pack parameters
were derived to give 0.07 1/Å separation between neighboring grid points for integration
over the Brillouin zone.

To ensure the absence of interaction between the adsorbed molecules and the next layer,
a vacuum slab with a thickness of 20 Å was constructed above the surface. This thickness
was deemed sufficient by comparing the total energy and bond lengths of adsorbed pyridine
at vacuum thickness values of 10, 15, and 20 Å until the changes became negligible.

Harmonic vibrational frequencies were obtained from the Hessian matrix of the
Cartesian second derivatives of a fully optimized relaxed surface with an adsorbate, either
a CO or pyridine molecule, adsorbed on a Ti atom. The infrared intensities were calculated
using the atomic polar tensors (Born effective charges) of all atoms in the unit cell, derived
as the second derivative of the total energy with respect to the Cartesian coordinates and
dipole moments.

For comparison purposes, a single-point energy calculation was also performed in one
case of pyridine adsorption on the (100) anatase surface covered by KOH at 13% coverage
using the CASTEP package [37] with the hybrid HSE-06 functional [38] and MBD dispersion
correction [39] on the geometry previously optimized by GGA/PBE. Calculations were con-
ducted with spin restriction and incorporated relativistic effects using the Koelling–Harmon
scalar approach for pseudopotential generation. A plane-wave energy cutoff of 600 eV was
applied, and SCF convergence and the energy change were set at 2 × 10−6 eV/atom.

3. Results
3.1. DFT Computational Study of Adsorption

A large-size unit cell with 16 TiO2 on the topmost layer was chosen to see the effect of
adsorbates’ concentration on the surface in increments of 6.25% (100/16). The anatase TiO2
(100) surface is composed of alternating islands and channels. Coordinatively unsaturated
(CUS) sites include fivefold coordinated Ti atoms (Ti5c) located on top of islands and
twofold coordinated oxygen atoms, O2c, bridging Ti atoms between islands and channels.
Due to the symmetry, all CUS Ti atoms on the surface are identical. A map of the TiO2 (100)
surface in Figure 1 shows sixteen numbered sites where adsorbates can be placed to study
the concentration effect.
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Pyridine molecules adsorb on Ti5c on the (100) surface, making a strong Ti-N coordina-
tion bond with the preference of orienting the ring orthogonal to the surface to maximize
the interaction between the pyridine nitrogen lone pair and surface Ti Lewis acid center
and avoid steric repulsion that would occur between surface oxygen atoms and aromatic
π-bonds of the ring if it was parallel to the surface. The pyridine ring is oriented in the (010)
plane, i.e., cross cutting islands (Figure 2), as opposed to in an orientation parallel to the
islands. In addition to the Ti-N binding, there are two hydrogen bonds formed between
pyridine’s ortho hydrogen atoms and two types of lattice oxygen atoms O2c and O3c that
help to stabilize the preferred adsorption configuration.
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shown in Å.
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The strength of adsorption is characterized by the energy of adsorption that is exother-
mic, i.e., becoming more negative, along with a shortening Ti-N bond length (Table S1).
Upon adsorption, the affected Ti atom moves outward toward the adsorbate, and the sur-
face becomes distorted compared to the relaxed pristine one. The protocol for calculating
the energies of adsorption and lattice distortion is shown in Figure 3. The initial surface,
either pristine or modified with KOH or water in two other cases, was allowed to relax
through geometry optimization, and the energy F1 was calculated for the relaxed surface.
An N number of various 4-substituted pyridines was added to the surface after their ge-
ometry was optimized in the gas phase (energy F2), and the geometry of the periodic slab
with N adsorbates was optimized (energy F3). The adsorption energy per adsorbate, E1,
was calculated by Formula (1):

E1 = (F3 − F1 – N × F2)/N (1)
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adsorption E3. Atoms are colored as follows: Ti—light gray, O—red, C—black, N—blue, H—white,
constrained Ti and O atoms representing bulk positions of the two bottom layers—yellow, and single
top Ti used to host pyridine—yellow.

The adsorbates were removed, and the single-point energy for the distorted surface,
F4, was calculated. The lattice distortion energy per one adsorbate E2 was calculated by
Formula (2). The adjusted adsorption energy per adsorbate E3, which reflects the bond
formation between the adsorbate and Ti atom, was calculated using Formula (3).

E2 = (F4 − F1)/N (2)

E3 = E1 − E2 = (F3 − F4 – N × F2)/N (3)

For pairs of adsorbed pyridine molecules, the heat of adsorption per adsorbate be-
comes smaller (a less negative value) compared to that for single molecules, and it depends
on the distance between the affected adsorption sites (Figure 4). The adsorption strength
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sharply increases for the pair of molecules closest to each other, sites 13 and 15, on the same
island. Adsorbates on those sites separated by 3.84 Å are still far enough from each other
thus avoiding steric repulsion.
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The energy E2 of lattice distortion caused by the adsorption of a pair of pyridine
molecules (Figure 5) responds differently for adsorption on the same island vs. different
ones, decreasing and increasing with the distance becoming longer, respectively.
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Figure 5. Lattice distortion energy, E2, per one adsorbate for a pair of pyridine molecules adsorbed
on TiO2 anatase (100) surface as a function of the distance between them.

The additional number of adsorbates on either island induces a proportionally increas-
ing lattice distortion expressed as the energy per surface Ti5c atom, while the value per
adsorbate declines with increasing surface coverage (the blue circle graph vs. the orange
diamond graph, respectively, in Figure 6), which is the expected behavior [18,23].

For the adsorption of 4-substituted pyridines, electron-donating substituents increase
the basicity of the pyridine nitrogen and the binding energy, while electron-withdrawing
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groups decrease it (Figure S3). Stronger adsorption causes a higher lattice distortion. The
dependence of the lattice distortion energy E2 on the Hammett σ constant is shown in
Figure 7. The substituents used and their Hammett σ constant are listed in Table S9.
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orange diamonds, upon pyridine adsorption as a function of surface coverage.

The effect of the lattice distortion energy dependence on the basicity of pyridines has
been studied in the presence of water and a KOH dopant added to the (100) surface. The
position of H and OH resulting from the dissociative adsorption of water was found in
our previous study [30]. A map of the adsorption of pyridines in the presence of water is
shown in Figure S6. The preferred position of K and OH fragments was found through
geometry optimization by trial-and-error, placing K next to lattice oxygen. During geometry
optimization, regardless of the initial position, potassium moves and becomes stabilized in
the global energy minimum slightly above the surface in the pocket between three lattice
oxygen atoms O2c from the top layer and one O3c from the second layer (Figure 7b and
Figure S5), which allows the minimization of energy by making the maximum number of
K-O bonds. Three different sites for adsorption were distinguished based on the distance
to the potassium atom (Figure 7b). The single-point computation of E1, E2, and E3 energies
for pyridine adsorption at 12.5% coverage of both KOH and pyridine on the (100) TiO2
surface using the more accurate hybrid functional HSE06 produces energies of −32.9, 5.6,
and −38.5 kcal/mol, respectively, which are not much different from those obtained with
GGA/PBE at −34.6, 3.7, and −38.4 kcal/mol.

It appears that KOH presence stabilizes the lattice and lowers the distortion energy
caused by pyridine adsorption, as concluded by comparing the position of the graphs with
and without KOH on the energy diagram (Figure 7a). In contrast, the presence of water on
the surface makes the lattice distortion energy during pyridine adsorption much higher
(Figure 7c, dashed line with purple squares).

The effect of the lattice distortion during pyridine adsorption was also observed on
the (101) surface. Potassium finds a place between four lattice oxygen atoms—two O2c and
two O3c. In addition, the OH group attached to site 1 stabilizes potassium through a bond
with a distance of 2.56–2.62 Å, depending on the presence of various 4-substituted pyridines
(Figure 8). The adsorption of OH on site 2 is less stable by 6.9 kcal/mol per unit cell because it
does not provide extra stabilization through binding to potassium (Figure S8b).
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Figure 7. Lattice distortion energy E2 as a function of the Hammett σ constant for the adsorption of
4-substituted pyridines on TiO2 anatase (100) surface (a) sites 1, 2, and 3 at 12.5% coverage in the
absence and presence of KOH according to the (b) map of adsorption sites. Atoms are colored as
follows: Ti—light gray and O—red. (c) The same on site 3 with and without presence of water.
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The adsorption of pyridine on sites 2 and 3 was studied for the KOH-doped anatase
(101) with the OH group added on site 1 (Figures 9 and 10). In both cases, hydrogen
bonding between pyridine ortho hydrogens and O2c lattice atoms plays a key role in the
orientation of the pyridine molecule, which is stabilized on site 2, parallel to the straight
line of the top lattice atoms O2c-Ti5c-O2c but skewed on site 3 to make a stronger H-bond
with a shorter length at 1.992 vs. 2.338 Å. However, the Ti-N bond on site 2 is 0.02 Å shorter
and stronger (Figure 11a), and the energy of pyridine adsorption E1 is 2.2 kcal/mol more
exothermic compared to that on site 3 (Tables S10 and S11). The above data show that Ti
CUS site 2, farther away from potassium, is more electrophilic compared to site 3.

The electrophilicity of Ti metal centers on various surfaces is characterized in Hammett
plots (Figure 11b) through the dependence of the lattice distortion energy caused by pyri-
dine adsorption, E2, on the Hammett constant of substituents in position 4 of pyridine. A
higher value of E2 energy indicates a stronger electrophilic center on the surface. Energy E2
was chosen to obtain the electrophilicity indicator because its dependence on the Hammett
σ constant is more linear, with all values of R2 within the range of 93.3–98.1% compared
to the less linear behavior for E1 and E3 energy dependence. The latter can be affected by
other factors, such as hydrogen bonding. It can be seen from the graphs in Figure 11b that
doping by KOH decreases the electrophilicity of Ti metal centers compared to the pristine
surface and that the (101) anatase surface is more electrophilic relative to the (100) surface.

To study the effect of water presence on the (101) surface, potassium in the KOH-doped
surface was replaced by H, creating several options for the position of the H attachment to
nearby lattice oxygen atoms (Figure S9). The energy E1 of 4-substituted pyridine adsorption
and lattice distortion energy E2 depend not only on the position of the OH group but also
on the position of H (Tables S13–S15, Figure S12).

Lattice distortion energy E2 as a function of the Hammett σ constant was used to
find the ρ constant to characterize the electrophilicity of different Ti sites on both anatase
surfaces (100) and (101) (Figure 12).
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Figure 9. Adsorption of pyridine on site 2 with OH attached to site 1 of KOH-doped (101) anatase
surface: (a) top view and (b) side view. Atoms are colored as follows: Ti—light gray, O—red,
K—purple, C—medium gray, N—blue, and H—white. Bond distances are shown in Å.
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surface: (a) top view and (b) side view. Bond distances are shown in Å. 

The electrophilicity of Ti metal centers on various surfaces is characterized in Hammett 
plots (Figure 11b) through the dependence of the lattice distortion energy caused by pyri-
dine adsorption, E2, on the Hammett constant of substituents in position 4 of pyridine. A 
higher value of E2 energy indicates a stronger electrophilic center on the surface. Energy E2 
was chosen to obtain the electrophilicity indicator because its dependence on the Hammett 
σ constant is more linear, with all values of R2 within the range of 93.3–98.1% compared to 

Figure 10. Adsorption of pyridine on site 3 with OH attached to site 1 of KOH-doped (101) anatase
surface: (a) top view and (b) side view. Bond distances are shown in Å.
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To evaluate a probing molecule with a weaker basicity, the adsorption of CO was
studied on the (101) surface at 25% coverage on the same sites as pyridine, and the effect
produced by both adsorbates was compared (Table 1). A smaller lattice distortion energy E2
is produced by CO adsorption, but there is a good linear correlation at R2 = 0.929 between
the use of pyridine and CO as probing molecules for the characterization of surface acidity
(Figure S13a). The relation of E1 energy between two molecules is less linear at R2 = 0.707
(Figure S13b). There is some linear relation between the E2 energy and the length of C-O
and Ti-C bonds observed in agreement with that suggested by Scaranto and Giorgianni [40]
as indicators for Lewis acidity of the Ti centers on the anatase (101) surface, along with the
IR frequency of CO stretching. Shorter bonds indicate stronger interaction, i.e., stronger
Lewis acidity, while IR vibrations shift to a higher frequency.

Table 1. Comparison of E1–E3 energies for CO and pyridine adsorption on anatase (101) surface at
25% coverage, kcal/mol, and the length of Ti-C=O bonds.

CO Adsorption C=O IR
Band, cm−1

C=O Bond
Length, Å

Ti-C Bond
Length, Å

Pyridine Adsorption

E2 E1 E3 E2 E1 E3

K, OH site 1,
Adsorbate site 2 0.7 −17.2 −17.9 2184 1.1391 2.5100 4.3 −42.4 −46.7

H site 1, OH site 1,
Adsorbate site 2 1.3 −18.2 −19.5 2178 1.1346 2.4912 5.4 −43.5 −48.9

H site 2, OH site 1,
Adsorbate site 2 1.7 −19.1 −20.8 2155 1.1346 2.4624 7.7 −46.6 −54.4

H site 3, OH site 1,
Adsorbate site 2 1.2 −18.0 −19.2 2171 1.1352 2.4724 5.4 −44.3 −49.6

H site 3, OH site 1,
Adsorbate site 3 1.6 −17.7 −19.3 2152 1.1350 2.4661 7.1 −45.1 −52.2

H site 3, OH site 1,
Adsorbate site 4 1.0 −16.3 −17.4 2144 1.1362 2.5170 5.5 −42.3 −47.8

3.2. Experimental Study of Pyridine Adsorption in a Pulse Microreactor

The goal of the brief experimental tests was to demonstrate the effect of KOH doping
on anatase TiO2. The amount of adsorbed pyridine found on the surface of anatase samples
by the reverse pulse chemisorption method decreased with KOH doping and increasing
temperatures (Figure 13). The kinetics of the pyridine exchange for water on the surface
followed the first order of the coverage by pyridine. The fitness test shows a straight line
of ln(1-A) dependence on the number of pulses, wherein A is the calculated concentration
of pyridine in molecules/nm2 remaining on the surface (Figure S17). The rate constant is in
the range of 0.297–0.335 pulse−1 at temperatures of 200–350 ◦C. The half-life is 2.0–2.3 pulses
depending on the temperature.
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4. Discussion

The first discussion point is about the choice between using strongly basic pyridine
versus weakly basic carbon monoxide. CO minimally perturbs the acidic center structure
on the surface, whereas pyridine adsorbs more strongly and disturbs the lattice more.
If the goal is to map the surface and measure the relative acidity of surface sites, then
either molecule can be used. Both cause similar changes in energy E2 when moving from
one site on a surface to another (Figure S13a), while energy E1 has a slightly less linear
correlation between the two choices (Figure S13b). If a less invasive probing is desired, CO
seems to be the right choice. However, even this light molecule causes noticeable lattice
distortion, about 20%, on average, of the value produced by pyridine (Table 1). Reagents
with comparable basicity, such as carboxylates, in a real catalytic process will likely cause
similar changes to the site structure as pyridine. If lattice perturbation is unavoidable, it
must be accepted as an integral part of acid–base interactions on surfaces and included in
its interpretation.

Pyridine not only interacts with acidic centers by making Ti-N bonds but also by hydro-
gen bonding between pyridine ortho hydrogen atoms and the lattice oxygen atoms that are
basic centers. Variation in the hydrogen-bonding parameters is the likely reason for the less
linear correlation between E1 energies produced by pyridine vs. carbon monoxide adsorption.

The use of various features suggested in the literature for acidity measurement upon the
adsorption of probing molecules is validated in the current study for both CO and pyridine
interactions with anatase surfaces. Such characteristics as the shrinking of C-O, Ti-C, or Ti-N
bonds (Table 1, Figure 11 and Figure S14), the increasing frequency of CO or pyridine ring
vibration (Table 1, Figure S18), the rising heat of adsorption, and the growth of lattice distortion
energy E2 (Table S1 and Figure 4, Figure 5, and Figure 7) all point to a stronger acidity of Ti
CUS centers. This raises the second point for discussion: is any characteristic better than others,
and which one should be used? All are related to the energy of acid–base bond formation,
but some may have different levels of quality of fitness because of the differences in the
adsorption state. CO has a single point of contact, while pyridine adsorption is complicated
by additional hydrogen bonding. On the other hand, the movement of Ti atoms toward the
adsorbate (Figure 14) is a universal process surrounding acid–base interactions under various
conditions, to which lattice perturbation energy E2 provides a consistent response. Thus, E2
has a more linear dependence on the Hammett σ constant of substituents in position 4 of the
pyridine ring (Figures 7a and 11b), with high R2 values, better than those found for E1 or E2
energies. For this reason, E2 energy was chosen to obtain the Hammett rho constant as the
measure of the acidity of various centers. Scaranto and Giorgianni have delved even further
in their analysis of the non-binding part of the energy changes associated with adsorption
and separated lateral interactions into the lattice distortion part and the interaction between
adsorbate molecules [22]. The latter becomes negligible at or below 25% coverage, and the
lattice distortion energy remains the major or only contributor.

We can now move on to the analysis of factors governing surface acidity. The Hammett
rho constant has a negative value that is consistent with the increase in energy of the acid–
base interaction upon increasing electron density on the pyridine’s nitrogen lone pair by
electron-donating substituents. For the same set of pyridine bases, the energy of interaction
depends on the strength of the acid. A more negative ρ indicates a stronger acid (Figure 12).
For example, the DFT results for the adsorption of pyridines on pristine surfaces find the
(101) anatase surface slightly more acidic compared to the (100) surface. In turn, the anatase
(101) surface is less acidic than the rutile (110) surface, as also concluded in a DFT study
of CO adsorption [22]. Doping anatase surfaces with KOH decreases the acidity of the
Ti center, with the effect being more pronounced the closer it is to the potassium atom
(Figure 12). These DFT predictions are in good agreement with the experimental results
(Section 3.2) that show stronger adsorption of pyridine on undoped anatase TiO2 samples
and weaker adsorption after KOH doping (Figure 13).
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Figure 14. Superimposed structures illustrating the movement of surface top layers upon pyridine
adsorption on (100) anatase TiO2 (a) undoped and (b) KOH-doped. Bulk positions for lattice atoms
are shown in black, cleaved relaxed surface in green, optimized geometry for lattice with adsorbed
pyridine in red for oxygen, light gray for titanium, blue for nitrogen, medium gray or black for carbon,
and white for hydrogen atoms. Bond distances are shown in Å.

The role of the potassium dopant in the acidity of Ti atoms can be linked to changes in
the atomic structure of the surface layer (Figure 14). Upon relaxation of the (100) surface, Ti
atoms move inward from their bulk position by 0.112 Å. Electron density moves outward,
changing the surface polarization. As a result of pyridine adsorption, the affected Ti atom
is pulled back in an outward direction by a small increment of 0.031 Å, remaining 0.081 Å
away from reaching the bulk position. On the KOH-doped surface, the inward movement
of Ti atoms during the relaxation is even deeper at 0.232 Å, resulting in a higher degree of
surface polarization. After pyridine adsorption, the distance remaining for the Ti atom to
the bulk position is longer at 0.112 Å. In other words, doping by KOH increases surface
polarization by stabilizing the atomic structure of acidic centers. This rigid geometry
prevents the Ti atom from coming closer to the pyridine’s nitrogen atom and decreases
its acidity. The movement of Ti atoms is part of readjusting the surface polarization that
is interconnected with the heat of adsorption [24]. It might still be taking place despite
overwhelming evidence in recent studies of a significant covalent contribution to bonding
in TiO2 due to the overlapping of titanium d-orbitals with oxygen p-orbitals [41]. At the
suggestion of one of the reviewers, it would be interesting for future work to examine metal
oxides with a more ionic character, such as MgO and Al2,O3, to investigate the presence of
the same effect.

Remarkably, when potassium is replaced by a proton, but all other conditions, including
the OH position, stay unchanged, the acidity of Ti atoms is significantly increased. This can be
attributed to a higher flexibility of lattice oxygen atoms after potassium is removed, passing
that flexibility to the titanium atoms. Additionally, it may also happen because of weakening
Ti-O bonds in the Ti-O2fc-Ti bridge when its oxygen atom is protonated. Both cases illustrate
the change in Lewis acidity because of the surface geometry change induced by KOH or
water presence.

5. Conclusions

In this paper, we demonstrate that any characteristics associated with the binding
of probing molecules on an anatase titania surface, such as the shrinking of C-O, Ti-
C, or Ti-N bonds, the increasing frequency of CO or pyridine ring vibration, the rising
heat of adsorption, and the growth of the lattice distortion energy, may be used for the
characterization of surface acidity. Contrary to previous beliefs that only weakly binding
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molecules should be used to probe surface acidity to avoid interference from lateral effects,
we observed a synergy between lattice distortion and acidity so the former can quantify
the latter.

The Lewis acidity of anatase titania surfaces is linked to the flexibility of Ti atoms to
move toward the adsorbate. When a probing molecule, such as pyridine, acting as a base
adsorbs on an anatase titania surface, the titanium atom acid center moves outward from
the surface toward pyridine’s nitrogen. The more flexible the surface, the more readily the
Ti atom is allowed to move, and the acidity of that site measured by the heat of adsorption
is stronger.

Alkaline metal dopants stabilize the surface atomic structure making it more rigid and
less acidic, while the protonation of Ti-O-Ti bridges increases Ti atoms’ flexibility and their
Lewis acidity. Due to the lattice distortion being part of the adsorption process, the energy
of lattice distortion can be used as a reliable indicator of surface acidity using any specific
probing molecules from a broad range of basicities.

Using this method, we were able to classify the anatase (101) surface as more acidic
compared to the (100) surface and map the acidity of the doped surfaces. The higher acidity
of the surface centers with increasing distance from the alkaline atom is explained by the
higher degree of surface flexibility.
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