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ABSTRACT

Understanding the interaction of the carboxylic group with TiO2 is crucial for photocatalytic degra-
dation of pollutants, because aromatic molecules containing carboxylic acid groups are among the
most common micropollutants. This study investigated the interactions of the anatase TiO2 (101)
surface with several aromatic carboxylic acids: benzoic, nicotinic, salicylic and anthranilic acid, using
dispersion-corrected density functional theory (DFT) calculations. For all the molecules studied, we
found higher stabilities of monodentate adsorbed configurations over bidentate. Dispersion was
found to have a significant effect on adsorption energies. In particular, dispersion gave rise to a
tilted monodentate adsorption configuration, where adsorption through interfacial covalent and
hydrogen bonds was additionally stabilised by dispersion interactions of the aromatic ring with the
surface. Comparative calculations usingDFTwith empirical dispersion correction and van derWaals-
corrected functionals found the relative stabilities of adsorbed structures to be independent of the
method of describing dispersion. Thermodynamic probabilities of different adsorption configura-
tionswere evaluatedusing theBoltzmanndistribution, and the tilteddispersion-stabilised structures
were predicted to be by far the most abundant. Finally, the optical absorption of TiO2-acid sys-
tems was modelled, and TiO2-aromatic acid complexes were found to have their optical absorption
extended into the visible range.
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1. Introduction

Water pollution is an everyday growing environmental
concern [1]. Conventional wastewater treatment tech-
niques, such as filtration and microbial treatment, can-
not completely remove water micropollutants (defined
as pollutants with the abundance of few micrograms
per litre of water or with ppb level of concentration)
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[2]. Therefore, advanced techniques are required that
can destroy pollutants or convert them into non-toxic
form. Photocatalytic treatment has emerged as a promis-
ing technique for destruction of organic contaminants in
water and air [3,4]. In particular, TiO2 based photocata-
lysts are widely used for water treatment due to their low
cost, stability, non-toxicity and good performance [5].
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One of the most common emerging micro-pollutants is
salicylic acid (ortho-hydroxybenzoic acid), which is typ-
ically detected in wastewaters with concentrations up to
212 μg/L [6–8]. Although these concentrations are well
below its toxicity level [9], salicylic acid inwastewaterwas
reported to retain its pharmacological activity [10]. Sali-
cylic acid in wastewaters originates from various sources:
it is present in industrial wastewaters as a key precursor in
manufacturing of pharmaceuticals including aspirin and
a range of other drugs [11], in hospital wastewaters as a
metabolite of aspirin [7], and in domestic wastewaters as
one of the key ingredients of skincare products and cos-
metics [12]. Aromatic carboxylic acids are also among the
key intermediates in photocatalytic degradation of other
pollutants, e.g. benzoic acid, salicylic acid and anthranilic
acid are among the degradation intermediates of the car-
bamazepine drug [13]; benzoic and anthranilic acid are
also among degradation products of dyes, such as rho-
damine B and indigo carmine [14,15].Many other persis-
tent micropollutants in water also contain the carboxylic
group in their molecular structure, e.g. drugs such as
clofibric acid [16], ibuprofen [17], diclofenac [18], and
herbicides such as mecoprop [16]. Because of the promi-
nence of carboxylic acids among micropollutants and
the pressing need to develop photocatalytic methods for
destroying these pollutants, it is important to understand
the nature of binding of salicylic acid and other car-
boxylic acid molecules containing additional functional
groups with the TiO2 photocatalyst surface. In partic-
ular, strong adsorption of micropollutant molecules on
the photocatalyst surface facilitates their rapid photocat-
alytic degradation [19]; at the same time, accumulation
of degradation products or intermediates at the photo-
catalyst surface can lead to photocatalyst poisoning and
may eventually make it non-functional [20]. Therefore,
understanding the nature and strength of binding of key
pollutants, intermediates and products of degradation
will help improve the efficiency of photocatalysis.

Moreover, besides removal of carboxylic acid pol-
lutants, TiO2-carboxylic acid binding plays a role in
photosensitisation of TiO2 for dye-sensitised solar cells
(DSSC) [21] and for photocatalysis [22], where organic
and metal–organic sensitiser molecules are used which
typically contain a carboxylic acid anchoring group. For
example, the same salicylic acid was used as a sur-
face modifier on titania photocatalysts to enable visi-
ble light activity of the modified TiO2 photocatalysts to
achieve visible light-driven oxidation of organics [23]
and degradation of pollutants [24,25]; this effect was
attributed both to visible light absorption by the TiO2-
salicylic acid composites [23–25] and to increased bind-
ing of aromatic pollutants to salicylic acid-functionalised
TiO2 [24]. Thus, understanding the strength and nature

of TiO2-carboxylic group interactions is essential for
improving the efficiency of photocatalysts and solar cells.

Because of these important applications of TiO2-
carboxylic acid systems, adsorption of carboxylic acids,
such as formic, acetic and benzoic acid and dyes used in
DSSCs, on different TiO2 polymorphs has been exten-
sively studied experimentally and theoretically [26–37].
However, despite this being a longstanding research
topic, many questions remain, such as the exact nature
of binding of carboxylic acids on the most stable anatase
(101) surface [36,37]. Besides this, much less is known
about adsorption of carboxylic acids containing addi-
tional functional groups, such as salicylic acid (contain-
ing a hydroxyl group) and anthranilic acid (containing
an amine group), and aromatic rings besides benzene
and perylene which are used in DSSC dyes. Moreover,
since many of the theoretical studies of carboxylic acid
adsorption were done in the early 2000s, they typically
did not include the contribution of dispersion interac-
tions. However, dispersion can have significant quantita-
tive and qualitative effects, especially in the adsorption of
aromatic molecules [38–40]. Therefore, this paper aims
to investigate the interactions of the thermodynamically
most stable (101) surface of the anatase formof TiO2 with
aromatic carboxylic acid pollutants containing additional
functional groups (Figure 1), such as salicylic acid and
anthranilic acid, and an aromatic acid containing a het-
eroatom (nicotinic acid, which contains a pyridine ring
and is an example of an N-heterocycle pollutant [41]).
We compare them with the well-studied adsorption of
formic acid and benzoic acid on anatase (101), paying
particular attention to the effect of the aromatic ring and
the side groups in the aromatic ring. We investigate the
effect of van derWaals interactions on the stabilities of the
calculated structures, and compare the results obtained
using different theoretical models of dispersion. We then
evaluate the relative abundances of different adsorbed
configurations of these molecules using the Boltzmann
distribution, based on their adsorption energies. Finally,
we simulate the light absorption of TiO2-carboxylic acid
systems to investigate visible-light activity of these sys-
tems.

2. Method

Density functional theory (DFT) calculations were per-
formed using CP2K software [42–44]. Perdew–Burke–
Ernzerhof (PBE) [45] functional was used, with and
withoutGrimme’sD3dispersion correction [46], in com-
bination with double-ζ valence polarised (DZVP) basis
sets [47] and Goedecker–Teter–Hutter (GTH) pseu-
dopotentials [48]. Periodic slabs of TiO2 anatase with
the (101) surface orientation and with the thickness of
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Figure 1. Structures of carboxylic acids modelled in this study: formic acid (FA), benzoic acid (BA), nicotinic acid (NA), salicylic acid (SA),
and anthranilic acid (NA). Two configurations, (a) and (b), are shown for SA and AA. In this and the following figures, dark grey spheres
show C atoms, red – O, blue – N, white – H, light grey – Ti atoms.

three TiO2 repeat layers were used. 1× 3 extension of
the surface unit cell was used (18 Ti and 36 O atoms),
to accommodate the adsorbate molecules in the upright
position. Carboxylic acids (formic acid, benzoic acid,
nicotinic acid, salicylic acid, and anthranilic acid) were
placed on the anatase (101) slabs in various orienta-
tions using tetr software [49]. Multiple starting struc-
tures were considered for all configurations. To check the
effect of the cell size on the adsorption structures and
energies, stable adsorption configurations of formic and
salicylic acid were additionally calculated in 2× 3 and
1× 6 extended surface unit cells (36 Ti and 72 O atoms),
using PBE-D3. Geometry optimisations were carried out
with all atoms free tomove. Optimisation was carried out
using the Broyden–Fletcher–Goldfarb–Shanno (BFGS)
algorithm, with the convergence criteria of 3× 10−3

Bohr for the maximum geometry change, 4.5× 10−4 Ha
Bohr−1 for the maximum force, 1.5× 10−3 Bohr for the
root mean square geometry change, and 3× 10−4 Ha
Bohr−1 for the root mean square force.

Adsorption energies Eads were calculated according to
the equation:

Eads = E(slab + mol) − (E(slab) + E(mol))

where E(slab) is the energy of the TiO2 anatase (101)
slab, E(mol) is the energy of adsorbate molecule and
E(slab+mol) is the energy of the slab-adsorbate system.

Vibrational frequencies were calculated for the adsorp-
tion configurations of formic and salicylic acid; the fre-
quencies for all structures were positive, confirming that
these structures are energy minima.

Additional calculations of selected adsorption config-
urations of formic acid and salicylic acid were carried
out using several different methods of describing disper-
sion interactions: pure DFT functionals with Grimme’s
D3 [46] dispersion correction (PBE-D3 [45], revPBE-
D3 [50], B97-D3 [51]), and non-local van der Waals-
corrected functionals (vdW-DF [52], vdW-DF2 [53],
optPBE [54], optB88 [54], C09x-vdW [55], rVV10
[56,57]). For reference, exchange and correlation func-
tionals used in these functionals, and dispersion correc-
tions (where applicable), are summarised in Table S1 in
the Supplementary Information.

Optical absorption of TiO2/adsorbate systems was
calculated using linear-response time-dependent den-
sity functional theory, which was recently implemented
in the CP2K software [58]. Calculations for each sys-
tem included 1000 excited states. Simulated absorp-
tion spectra were obtained by Gaussian broadening
(σ = 0.2 eV) of the z-component of the transition
dipole at each excitation energy. Molecular orbitals
involved in the excitations, and projected densities
of states, were also calculated within CP2K for the
most stable configurations of each acid adsorbed on
anatase (101).
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3. Results and discussion

3.1. Choice of adsorption configurations

Adsorption configurations for formic, benzoic, nicotinic,
salicylic and anthranilic acid were chosen by consid-
ering past literature studies of carboxylic acid adsorp-
tion and taking into account additional binding that
may be possible in aromatic carboxylic acids contain-
ing additional functional groups. A number of lit-
erature studies investigated the adsorption of formic
acid on the anatase (101) surface: experimental spec-
troscopic studies indicated co-existence of monoden-
tate and bidentate adsorption [32,37]; computational
studies modelled bidentate dissociative adsorption and
monodentate (molecular and dissociative) adsorption
[26,34,35,37]. Monodentate adsorption was typically
found to be the most stable in density functional theory
calculations [26,34,35], although a recent study using the
SCAN functional found bidentate dissociative adsorp-
tion to be more stable [37]. The same types of structures
(dissociative bidentate and molecular monodentate)
were modelled for benzoic acid, with molecular mon-
odentate shown to be the most stable structure [27,31].

For salicylic acid on anatase, experimental studies car-
ried out using Fourier Transform Infrared Spectroscopy
(FTIR) showed evidence of Ti-carboxylate complexation;
as a result, a number of dissociative adsorption configura-
tionswere hypothesised, which involved binding through
both the carboxylate and hydroxyl or hydroxylate groups
[59–61]. These dissociated chemisorbed structures were
interpreted either as two co-existing adsorbed species
[61], or as initial non-dissociative adsorption followed
by the final, stable dissociative adsorption, which was
proposed to account for the sluggish adsorption of

this molecule on anatase [60]. Only limited theoreti-
cal evidence exists for these structures: one theoretical
study considered three possible dissociated structures
on a small anatase cluster, where a doubly dissociated
structure bonded through both the carboxylate and the
hydroxylate groups was favoured [62].

Thus, a greater variety of adsorption configurations
was proposed in the literature for salicylic acid than for
the simpler acids, such as formic and benzoic acid. Sim-
ilarly, complex adsorption can be expected for other car-
boxylic acids containing multiple functional groups, e.g.
anthranilic acid (containing a carboxylic group and an
amine group in the ortho-position); however, we are not
aware of experimental or theoretical studies of adsorp-
tion configurations of anthranilic acid and similar ortho-
substituted carboxylic acids onTiO2. Therefore, wemod-
elled the adsorption of these molecules to get insight into
the adsorption of aromatic carboxylic acids containing
additional functional groups.

Based on the literature studies of formic, benzoic and
salicylic acid and on our analysis of their possible bond-
ing to the anatase (101) surface, the following adsorp-
tion configurations were modelled (optimised structures
shown in Figure 2 for formic acid (FA), Figure 3 for ben-
zoic acid (BA) and nicotinic acid (NA), and Figure 4 for
salicylic acid (SA) and anthranilic acid (AA)):

(1) DB – Dissociative bridging-bidentate adsorption via
the carboxylic group, with two carboxylate oxygens
forming two covalent bonds to a pair of surface Ti
atoms, and the hydrogen atom dissociated from the
carboxylic group adsorbed nearby;

(2) M1–monodentatemolecular adsorption via the car-
boxylic group, with the carboxylic oxygen forming

Figure 2. Adsorption of formic acid on anatase (101). Here and in the following figures, structures optimised using PBE-D3 are presented.
Two possible symmetrically equivalent orientations of configuration M2 are shown.
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Figure 3. Adsorption of benzoic acid (BA, top row) and nicotinic acid (NA, bottom row) on anatase (101). Note that two symmetrically
equivalent orientations of configurations M2 and M3 are possible (only one orientation was calculated for each).

a covalent bond to the surface titanium atom,
and the hydrogen atom of the carboxylic group
forming a hydrogen bond to the nearby surface
oxygen;

(3) M2–monodentatemolecular adsorption via the car-
boxylic group, with the carboxylic oxygen forming
a covalent bond to the surface titanium atom, and
the hydrogen atom of the carboxylic group forming
a hydrogen bond to the surface oxygen in the neigh-
bouring surface unit cell (rotated by ∼150° with
respect to structureM1; note that two symmetrically
equivalent M2 structures are possible, as shown in
Figure 2);

(4) M3 – monodentate molecular adsorption, similar
to M2, with the plane of the aromatic ring tilted
towards the surface rather than upright;

(5) M4 – monodentate molecular adsorption in the
same orientation as the dissociated structure DB
(rotated by 90° with respect to structure M1), with
the carboxylic oxygen forming a covalent bond to
the surface titanium atom, and the hydrogen atom
of the carboxylic group forming a hydrogen bond to
the nearby oxygen that bridges two surface Ti atoms;

(6) DD – bidentate adsorption of a doubly dissociated
structure, adsorbed simultaneously via the carboxy-
late group and the deprotonated hydroxyl or amine
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Figure 4. Adsorption of salicylic acid (SA, top row) and anthranilic acid (AA, bottom row) on anatase (101).

group, based on the FTIR studies in Ref [61]. (this
structure is possible only for salicylic and anthranilic
acid).

3.2. Stabilities of adsorption configurations

Adsorption of FA, BA, NA, SA and AA in these config-
urations on anatase (101) was calculated using PBE-D3
and PBEmethods. The adsorption energies for structures
optimised using PBE-D3 and using PBE are presented in
Table 1 and Figure 5, and the surface-adsorbate bond dis-
tances for these structures are summarised inTable 2. The

adsorption energies for PBE-D3 optimised structures in
the larger (2× 3) and (1× 6) extended surface unit cells
are presented in Table S2. Primarily, PBE-D3 results will
be discussed below, and key differences in PBE results will
be highlighted.

3.2.1. Comparing carboxylic acids’ strengths of

adsorption

Our results show that all of the investigated struc-
tures are strongly adsorbed, with large negative adsorp-
tion energies of the order of −1 eV. The adsorption
energies are slightly (by 0.01-0.15 eV) more negative

Table 1. Adsorption energies of formic acid, benzoic acid, nicotinic acid, salicylic acid and anthranilic
acid on anatase (101), calculated using PBE-D3 for PBE-D3 optimised structures (energies calculated
using PBE for PBE-optimised structures are given in brackets).

Adsorption energies, eV

Structure Formic acid Benzoic acid Nicotinic acid Salicylic acid Anthranilic acid

DB −0.80 (−0.49) −0.95 (−0.49) −1.03 (−0.58) −1.02 (−0.42) −1.21 (−0.51)
M1/M1a −1.02 (−0.79) −1.18 (−0.88) −1.24 (−0.94) −1.11 (−0.80) −1.38 (−0.91)
M1b −0.99 (−0.71) −1.19 (−0.79)
M2 −1.04 (−0.77) −1.14 (−0.81) −1.22 (−0.89) −1.01 (−0.70) −1.27 (−0.81)
M3 N/A −1.28 (−a) −1.36 (−a) −1.13 (−a) −1.45 (−a)
M4 −0.88 (−0.59) −1.02 (−0.66) −1.09 (−0.73) −0.94 (−0.60) −1.18 (−0.69)
DD N/A N/A N/A −0.83 (−0.24) −0.51 (0.41)

aNo M3 structure was found using PBE without dispersion
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Figure 5. Adsorption energies of carboxylic acids calculated with PBE-D3 (left) and PBE (right).

in the (2× 3) and (1× 6) extended surface unit cells
(Table S2); however, the trends in adsorption stabili-
ties are not affected by the cell size. We find that aro-
matic acid molecules (benzoic, nicotinic, salicylic and
anthranilic acid) are more strongly adsorbed than formic
acid. For example, for the dissociative bridging-bidentate
structure DB, the strength of adsorption increases in
the sequence FA < BA < SA ≤ NA < AA. A similar
trend can be seen in the monodentate structures M1-
M4, where the strength of adsorption increases as
FA < SA < BA < NA < AA. This sequence of adsorp-
tion energies is consistent with the surface-adsorbate Ti-
O distances (Table 2), which are longer for adsorbed FA
than for aromatic acids (except some SA configurations)
by up to 0.10 Å. This trend in the strengths of adsorp-
tion can be attributed to the electron-withdrawing nature
of the phenyl group, which strengthens the partly ionic
bonding between carboxylic oxygens and surface Ti4+

ions and thus makes the adsorption of aromatic acids
stronger. Additionally, the higher electronegativity of O
and N than C makes the aromatic groups of NA, SA and
AA more electron-withdrawing than BA, thus account-
ing for the stronger adsorption of NA, SA and AA. In
particular, the adsorption configurations of nicotinic acid
are very similar to benzoic acid, but nicotinic acid is sys-
tematically 0.06–0.08 eV more strongly adsorbed. This
trend suggests that changes to the aromatic ring not
next to the anchoring group do not have a qualitative
effect on adsorption configuration, but they may affect
the strength of adsorption.

The presence of hydroxyl or amine groups in the
aromatic rings of salicylic and anthranilic acid has a
greater effect on the stabilities of adsorbed structures.
A larger variety of adsorption configurations is possi-
ble for SA and AA than for benzoic acid, because the
SA and AA molecules have two stable isomers, where
the hydroxyl group in SA and the amine group in AA
can form intramolecular hydrogen bonds either with the

carbonyl oxygen or with the hydroxyl oxygen of the car-
boxylic group (Figure 1). This intramolecular hydrogen
bonding affects the stabilities of the isomers: for iso-
lated molecules, the isomers ‘a’ with hydrogen bonds to
the carbonyl oxygen are more stable by 0.26 eV (salicylic
acid) and 0.17 eV (anthranilic acid) than the isomers ‘b’.
Consequently, each of themonodentate adsorbed config-
urations of salicylic and anthranilic acids can have two
isomers, which differ by the position of the intramolecu-
lar hydrogen bond (by comparison, dissociated bidentate
structures have only a single isomer, because the carboxy-
late oxygens are equivalent to each other). Therefore we
modelled two isomers for structure M1 for salicylic and
anthranilic acid, labelled asM1a andM1b. The structures
M1a, involving hydrogen bonding between the hydroxyl
or amine group and the carbonyl oxygen, were 0.12-
0.19 eV more stable than the equivalent structures M1b,
consistent with the results for isolated molecules. There-
fore, for all other monodentate configurations (M2, M3
and M4), only the structures involving intramolecular
hydrogen bonding to the carbonyl oxygen (similar to
M1a) were considered for SA and AA.

Salicylic acid has unexpectedly rather weakmonoden-
tate adsorption compared to the other aromatic acids,
0.1-0.3 eV weaker than the corresponding adsorbed
structures of BA, NA and AA. This can be attributed
to the hydroxyl group forming a strong hydrogen bond
(1.73–1.95Å) with the carboxyl oxygen and therefore
weakening the surface-adsorbate Ti-O bond. It can be
illustrated by the bond distances shown in Table 2: the
Ti-O distances for adsorbed SA are up to 0.08Å longer
than for adsorbed BA and NA, and up to 0.14Å longer
than for adsorbed AA. In contrast, the hydrogen bond
between the amine hydrogen and the carboxylic oxy-
gen in anthranilic acid are rather weak (1.98–2.08Å)
and does not significantly affect surface-adsorbate bonds;
additionally, in structures M2 and M3 the amine group
is able to form additional hydrogen bonds (2.05 Å in
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gens, which contribute to the strong adsorption of this
molecule.

3.2.2. Comparing stabilities of adsorption

configurations.

Comparison of the energies of different adsorption con-
figurations in Table 1 and Figure 5 shows that, for all
adsorbates considered in this study, monodentate molec-
ular adsorption is stronger than dissociative bidentate
adsorption by 0.1–0.3 eV. Salicylic acid is the only adsor-
bate where the monodentate configurations are close
in stability (within 0.11 eV) to the dissociated bidentate
configurations, probably because the hydrogen bond-
ing between the hydroxyl and carboxyl groups stabilises
the dissociated acid form, unlike the other acids where
the monodentate configurations are clearly more stable.
This greater stability of the monodentate configurations
is in agreement with the previous computational stud-
ies of formic acid [26,34,35] and other carboxylic acids,
e.g. benzoic acid [27,31], acetic acid [30], perylenecar-
boxylic acid [33] and cyanoacrylic acid [31] on the
anatase (101) surface modelled using GGA and hybrid
functionals, which similarly found molecular monoden-
tate adsorption to be stronger than bidentate dissociative
adsorption (however, the opposite trend for formic acid
adsorption configurations was reported in a recent study
using the SCAN functional [37]). In contrast, experi-
mental infrared spectroscopy studies of formic acid on
anatase reported dissociative adsorption of the deproto-
nated formate species [32]; however, this contradiction
was recently explained as monodentate adsorption with
the carboxylic hydrogen being able to shuttle between
the carboxylic group and the surface oxygen [36], while
the spectroscopic observation of the deprotonated biden-
tate structure was attributed to the presence of subsurface
oxygen vacancies, which favour deprotonation and for-
mation of bidentate structures [32,37]. A recent exper-
imental study [37] reported that formic acid adsorbed
on anatase (101) initially in the monodentate form at
low temperatures (80K), and then converted to biden-
tate upon annealing, suggesting higher stability of the
bidentate form. Our results are more consistent with
the low-temperature results in Ref. [37] where the mon-
odentate form dominates, possibly indicating entropic
stabilisation of the bidentate form at higher temperatures.

Our results show that the monodentate structures M1
andM2have very similar stabilities for all acids. In formic
acid, both of these structures are equally stable (within
0.02 eV), while the aromatic molecules have a slight pref-
erence (up to 0.11 eV) for the structure M1, where the
carboxylic hydrogen atom forms a hydrogen bond to the
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surface oxygen atom that is next to the titanium atom
which forms the Ti-O interfacial bond.

M4 is the least strongly adsorbed monodentate struc-
ture for all acid molecules: it is less strongly adsorbed
than M1 and M2 by up to 0.20 eV and is less strongly
adsorbed than M3 (which is discussed in more detail
below) by up to 0.27 eV, and is comparable in stability to
the bidentate structure DB. For all adsorbates, M4 struc-
tures have consistently longer surface-adsorbate bonds
than M1-M3: up to 0.2 Å longer Ti-O bonds, and as
much as 0.47 Å longer O . . . H bonds, which confirm that
surface-adsorbate bonding in M4 is quite strained and is
less favourable than in the other monodentate structures.
The structures M4 and DB are in similar positions on
the anatase (101) surface (Figures 2–4) and differ only in
the nature of binding, therefore these two structures offer
the most likely path for conversion between monoden-
tate and bidentate adsorption. In particular, in salicylic
and anthranilic acid M4 is slightly less stable than DB
(by 0.03-0.08 eV), therefore conversion from M4 to DB
would be favourable.

To evaluate the effect of dispersion on the strength
of adsorption, we compared the adsorption energies of
all structures obtained in PBE-D3 and PBE calcula-
tions (Figure 5). As expected, the calculations with the
dispersion correction predict stronger adsorption. The
difference between PBE-D3 and PBE adsorption ener-
gies increases with the size of the molecule: PBE-D3
values are more favourable by 0.21−0.31 eV for formic
acid, by 0.30−0.46 eV for benzoic and nicotinic acid,
and by 0.28−0.70 eV for salicylic and anthranilic acid.
These results show that dispersion interaction makes a
non-negligible contribution to the strength of binding
of these chemisorbed structures. Ti-O and O . . . H bond
energies are very similar in PBE and PBE-D3 calcula-
tions (PBE values usually only up to 0.04Å longer, see
Table 2), therefore this change in energies is not due to
an increase in covalent bond strength but due to non-
bonded interactions between the surface and the adsor-
bates. However, the qualitative trends in both the pure
DFT and dispersion-corrected DFT results are, for the
most part, very similar: both methods favour monoden-
tate structures over bidentate structures for all considered
molecules, with similar ordering or structures, although
the energy differences between structures are smaller in
PBE-D3 than in PBE calculations. As seen in Figure 5,
according to PBE calculations, molecular monodentate
configuration M1 is the most stable adsorption config-
uration for these carboxylic acids; however, in a key dif-
ference, this configuration is the second most stable in
PBE-D3 calculations.

A new and very stable adsorption configuration M3
was obtained in PBE-D3 calculations of aromatic acids,

which was not obtained in PBE calculations and was not
found in previous studies of carboxylic acids on TiO2.
The configuration labelled M3 (Figures 3 and 4) is based
on the configuration M2, so that the chemical bonds
formed between the adsorbates and the surface are the
same in both configurations: an interfacial Ti-O bond
and an O . . . H hydrogen bond; however, the structures
M2 are upright (similar to the structures calculated in
the previous studies of BA adsorption [27,31]), while the
structures M3 have the aromatic ring tilted towards the
surface. The configurations M3 are more strongly bound
than M2 by 0.1–0.2 eV for all aromatic acids, and are the
most stable of all adsorption configurations considered
in this work. Since no new covalent or hydrogen bonds
are formed, this increased strength of adsorption can be
fully attributed to the additional dispersion interaction
between the aromatic ring of the adsorbate and the sur-
face, when the aromatic ring is in close proximity to the
surface. Thus, these structures could not be obtained in
pure DFT calculations which do not properly account for
dispersion interactions. The structures M2 can be seen
as local energy minima, which provide strong interfa-
cial Ti-O and O . . . H bonds (as shown in Table 2), while
structures M3 have slightly longer interfacial Ti-O and
O . . . H bonds (up to 0.04Å longer Ti-O and up to 0.10Å
longerO . . . H than inM2), and are stabilised by the addi-
tional dispersion interactions of the aromatic ring with
TiO2. Therefore, dispersion certainly plays an important
role in adsorption of aromatic carboxylic acids: besides
making a contribution to the overall adsorption energy
(as seen by comparing PBE and PBE-D3 adsorption ener-
gies), it makes a qualitative difference and gives rise to the
new very stable tilted configuration M3.

In contrast, structure M3 is not possible for formic
acid, which lacks an aromatic ring and therefore cannot
be stabilised by tilting towards the surface. An equivalent
tilted configuration was not obtained for M1, probably
because it would have involved unfavourable strain on
the interfacial bonds. To the best of our knowledge, there
are no experimental data as yet that could confirm which
of the structures, either the tilted configurationM3 or the
upright configurations M1/M2, are formed by aromatic
acids on anatase (101), but it may be possible to differen-
tiate them using Near Edge X-ray Absorption Fine Struc-
ture (NEXAFS) spectroscopy [63,64] or infrared reflec-
tion absorption spectroscopy (IRRAS) [32].We hypothe-
sise that the configurationM3 is likely to form at low cov-
erages (the situation most relevant to micropollutants in
water, which are present in low concentrations), because
it offers the largest binding energy per molecule, while
M1 or M2 are more likely to form at higher coverages,
because they allow a larger number of adsorbates per unit
area.
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Finally, we modelled the doubly dissociated configu-
ration DD which is adsorbed via two functional groups:
carboxyl and hydroxyl (for salicylic acid) or carboxyl and
amine (for anthranilic acid), as proposed in the experi-
mental analysis of salicylic acid adsorption [59–61]. In
this configuration, both the carboxylic and the hydroxyl
or amine groups were dissociated; although one of the
carboxylic oxygens maintained a hydrogen bond with a
proton adsorbed nearby on the surface. However, these
structures were the least stable ones both for salicylic
acid and especially for anthranilic acid, where DD was
0.67 eV less stable than the next least stable structureM4.
These results suggest that dissociation of the hydroxyl
and especially of the amine side groups and adsorption
through these groups is not favourable. However, partic-
ipation of the hydroxyl side group in adsorption may still
be possible for TiO2 surfaces involving vacancies, steps
or edges.

Overall, our calculations show that the adsorption
configurations of salicylic and anthranilic acid are very
similar to benzoic and nicotinic acid, but their strength of
adsorption is affected by the side groups. In particular, the
calculated stabilities of adsorbed salicylic acid structures
can help explain the results of experimental spectroscopic
and reaction kinetics studies of salicylic acid on anatase,
which found evidence of several structures with multiple
coordination of salicylic acid to TiO2 [60,61]. Conversion
from an initial adsorbed structure with fast adsorption
kinetics to a more stable structure with slower adsorp-
tion kinetics, which was proposed in Ref. [60], can be
interpreted as conversion from the monodentate struc-
tureM4 to the structurally similar but slightlymore stable
structure DB. The presence of two different adsorbed
structures of salicylic acid on TiO2, which was proposed
in Ref. [61], can be interpreted as co-existence of one or
several of the monodentate structures M1-M3 with the
bidentate structure DB.

It should be noted that molecules such as carboxylic
acids in aqueous solution maintain an equilibrium
between their dissociated and non-dissociated forms,
dependent on the solution pH, which can affect their
adsorbed structures. For example, experimental studies
of cysteine and citric acid adsorption on TiO2 demon-
strated the adsorption of these molecules in different
protonation states, dependent on the solution pH [65,66].
In our study we considered adsorption of protonated
carboxylic acid molecules, the dominant form at low
pH, while at medium and high pH the dissociated form
would be present in larger amount and the dissociated
adsorption configurations are likely to be favoured. The
protonation state of TiO2 surfaces was also reported to
depend on the solution pH [67,68]. Therefore, for a com-
prehensive description of adsorption equilibria, it would

be worthwhile to investigate the binding of these adsor-
bates on the protonated and hydroxylated TiO2 surfaces
and the kinetics of exchange of adsorbed surface hydrox-
yls for adsorbed acids; however, this is beyond the scope
of this work.

3.3. Stabilities of adsorption configurations:

comparison of density functionals and theoretical

models for van derWaals interactions

The results presented in the previous section clearly
show that the dispersion correction affects the stabil-
ities of adsorbed structures and gives rise to a new
adsorption configuration M3. Previous computational
studies of the model molecule formic acid on anatase
(101), carried out using pure or hybrid DFT func-
tionals with or without dispersion correction, typically
favoured monodentate adsorption configurations; how-
ever, slightly different energy differences between mon-
odentate and bidentate configurations were reported,
ranging between 0.10-0.24 eV [26,34,35]; the opposite
trend with preference for bidentate adsorption was also
recently reported [37]. Thus, it is worthwhile to investi-
gate how the stabilities of different adsorption configura-
tions depend on the choice of the DFT functional and on
the method of describing dispersion interactions. There-
fore, we compared adsorption energies of selected config-
urations using several dispersion-corrected DFT meth-
ods (listed in Section 2 and summarised in Table S1):
pure DFT functionals with Grimme’s D3 dispersion cor-
rection (PBE-D3, revPBE-D3, B97-D3), and non-local
van der Waals-corrected functionals (optPBE, optB88,
C09x-vdW, vdW-DF, vdW-DF2, rVV10). We modelled
formic acid as the classic well-studied case, and salicylic
acid as the ‘difficult’ case because of the presence of the
hydroxyl group in the aromatic ring. Based on the stabil-
ities of the structures identified in the previous section,
three adsorption configurations were compared for each
molecule: the dissociated bidentate configurationDB, the
monodentate molecular configuration M1 (M1a for sal-
icylic acid), and the monodentate tilted configuration
M3 for salicylic acid (and its non-tilted analogue M2 for
formic acid).

The results are presented in Figure 6. There are
some quantitative differences in the values of adsorp-
tion energies, e.g. revPBE-D3 consistently gives the least
negative adsorption energies, while C09x-vdW gives
the most negative energies. However, all investigated
density functionals and all models for van der Waals
interactions findmonodentate adsorption to bemore sta-
ble than bidentate, although the difference is larger in
the calculations that use Grimme’s dispersion correction
(0.11–0.53 eV difference) than in the calculations that



MOLECULAR PHYSICS 11

Figure 6. Interaction energies of three conformations of formic acid (upper panel) and salicylic acid (lower panel) adsorbed on anatase
(101), calculated using different dispersion-corrected DFT functionals.

use non-local functionals (0.01–0.18 eV difference). All
considered methods show very slight preference for the
structure M2 over M1 for formic acid (by 0.01–0.04 eV,
except C09x-vdW, where M1 is only 0.01 eV more sta-
ble). All methods except revPBE-D3 show a slight pref-
erence (0.02–0.11 eV) for the tilted structure M3a over
M1a for salicylic acid. Thus, all investigated density func-
tionals and models for van der Waals interactions give
a very similar picture of the relative stabilities of these
molecules’ adsorption structures. Therefore, the trends
in stabilities discussed in the previous section are con-
firmed as reliable within the accuracy of DFT: monoden-
tate adsorption preferred over bidentate, and the tilted
monodentate configuration preferred over upright.

These data also show that all density functionals
compared in this study produce consistent results, and
therefore the trends in stabilities of adsorbates can be
considered robust and not dependent on the functional
or on the method for describing van der Waals interac-
tions. Therefore, according to our results, it is not possible
to recommend one or few best functionals for mod-
elling acids adsorption on TiO2, but instead, any van

der Waals-corrected density functional scheme can be
reliably used for modelling carboxylic acid adsorbates
on TiO2.

3.4. Relative abundances of adsorbed

configurations

The calculations described in the previous section iden-
tified the most stable configurations for each of the acid
adsorbates on anatase (101). However, the less stable con-
figurations were only few tenths of eV above the most
stable configurations. In some cases, such as formic and
salicylic acid, the differences between themost stable and
second most stable configurations were less than 0.1 eV.
In such situations, it can be expected that several adsorp-
tion configurations can co-exist. Therefore, we quantified
relative abundances of different adsorption configura-
tions for each acid on TiO2, similar to a recent study of
thermodynamic distribution of defects in uranium oxide
[69], using the Boltzmann distribution formula:

Pi =
�Gi

∑

i
�Gi

,
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Here Pi is the probability of configuration i, and �Gi is
defined as

�Gi = �i exp

(

−
Ei

RT

)

,

where Ωi is the degeneracy of configuration i, Ei is the
energy of configuration i relative to the energy of themost
stable configuration, R is the universal gas constant and
T is the temperature. The probabilities were evaluated at
the temperature of 298K, using the energies calculated at
the PBE-D3 level (Table 1). Configurations DB and M1
were considered to have the degeneracy of 1, while con-
figurationsM2, M3, M4 and DDwere considered to have
the degeneracy of 2, because each of them has two sym-
metrically equivalent orientations (as shown in Figure 2
for configuration M2 for formic acid).

The resulting probabilities of configurations of formic,
benzoic, nicotinic, salicylic and anthranilic acid on
anatase (101) are shown in Figure 7. The figure shows
that, while there is a dominant adsorption configuration
for each acid, other adsorption configurations are likely
to be present in small amounts. For all acids, monoden-
tate adsorption configurations dominate, while bidentate
configurations are present in negligible amounts. For
formic acid, two monodentate configurations are pre-
dicted to exist in appreciable amounts: the monoden-
tate configuration M2 is present with the abundance
of ∼79%, while a similar configuration M1, which is
only 0.02 eV higher in energy, is predicted to have the

abundance of ∼21%. These two dominant configura-
tions have very similar interfacial bonding (both have
an interfacial Ti-O bond and an O . . . H bond to a two-
coordinated surface oxygen) and are likely to be indistin-
guishable spectroscopically.

For all aromatic carboxylic acids considered in this
work, the dominant adsorption configuration is themon-
odentate tilted configuration M3, which is present with
a 97–99% abundance for BA, NA and AA, and with a
82% abundance for SA. Salicylic acid, which has small
differences between the energies of different adsorption
configurations (Table 1), shows the richest variety of
adsorption configurations: besides the tilted configura-
tion M3, the upright configuration M1a is predicted to
occur with a ∼17% probability, and there are small
(<1%) probabilities of occurrence of another upright
monodentate configuration, M2, and the bidentate dis-
sociated configuration DB.

3.5. Light absorption of TiO2/adsorbed acid systems

One of the interesting properties of TiO2/salicylic acid
composite systems reported in the literature is the broad-
ening of the optical absorption compared to pure TiO2

[23–25]. While TiO2 absorbs only in the ultraviolet
range, TiO2 particles functionalised by adsorbing sali-
cylic acid were reported to be yellow in colour and absorb
light up to 500 nm [23,24]; similarly, the absorption edge
of TiO2 nanotubes was found to be red-shifted from

Figure 7. Thermodynamic probabilities of different adsorption configurations of formic, benzoic, nicotinic, salicylic and anthranilic acid
on anatase (101) at 298 K.
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3.33 eV to 3.18 eV for SA-modified TiO2 nanotubes [25].
To investigate the origin of this red shift and to verify
whether it occurs with other carboxylic acids, we mod-
elled the optical absorption of pure anatase (101) slabs,
and the same slabs with formic, benzoic, nicotinic, sali-
cylic and anthranilic acid adsorbed in their most stable
configurations (M2 for formic acid, and M3 for aromatic
acids).

The calculated optical absorption spectra are shown in
Figure 8. All anatase/adsorbate systems show enhanced
optical absorption in the long-wavelength region. Even
the smallest adsorbate, formic acid, leads to slightly
higher absorption intensity of the anatase/formic acid
system, although the position of the absorption edge is
unchanged. Presence of aromatic acid adsorbates results
in the range of absorption extended towards longer wave-
lengths. This broadening of optical absorption is slightly
greater for the aromatic group containing a heteroatom
(nicotinic acid) than for benzoic acid, and it is partic-
ularly pronounced for the aromatic groups containing
additional functional groups in the aromatic ring – sal-
icylic acid and especially anthranilic acid adsorbates,
where absorption across the whole visible range is pre-
dicted.

These changes in the optical absorption can be inter-
preted with the help of projected densities of states
(PDOS) of TiO2/adsorbate systems (Figure S1). The
PDOS plots show the conduction band dominated by
Ti and the valence band dominated by O of TiO2, with

adsorbate states at or above the valence band maximum
of all the TiO2/adsorbate systems. In the TiO2/formic
acid system, the adsorbate’s highest occupied state is
present just below the top of the valence band, which
explains why absorption intensity is slightly enhanced
but the position of the absorption edge is unchanged.
The adsorbed benzoic acid has an occupied state at the
top of the valence band, and adsorbed nicotinic acid –
an occupied state just above the valence band; therefore,
the broadening of the absorption can be attributed to
new transitions from these highest occupied adsorbate
states to the unoccupied Ti states. The adsorbed sali-
cylic and anthranilic acid have their highest occupied
states in the band gap, 1–1.5 eV above the valence band
edge. Transitions from these highest occupied adsor-
bate states to the manifold of TiO2 unoccupied states
can explain the broadened adsorption in the visible
range for TiO2/salicylic acid and TiO2/anthranilic acid
systems.

The nature of photoexcitation transitions can be fur-
ther clarified by considering the orbitals involved in
excitations. Table S3 summarises the key transitions in
the TiO2/adsorbed carboxylic acids systems: the lowest-
energy transitions responsible for the absorption edge,
the lowest-energy direct TiO2→TiO2 excitations (if dif-
ferent from the lowest-energy transitions), and the tran-
sitions responsible for the peaks appearing in the visible
range (the peak at ∼590 nm for TiO2/anthranilic acid
and the shoulder peak at ∼470 nm for TiO2/salicylic

Figure 8. Calculated optical absorption spectra of anatase (101) with adsorbed formic, benzoic, nicotinic, salicylic and anthranilic acid,
compared to anatase (101) without adsorbates.
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acid). The data in Table S3 show that the lowest-
energy excitations in all the studied anatase/aromatic
acid systems are charge-transfer excitations from the
highest occupied orbitals localised on the adsorbate
to the lowest unoccupied orbitals delocalised over Ti
atoms of TiO2. This is different from pure anatase
(101) and the anatase/formic acid system, where the
lowest-energy excitations are direct TiO2→TiO2 exci-
tations. Besides the lowest-energy excitation, several of
the low-energy excitations in TiO2/aromatic acid sys-
tems are similarly charge-transfer excitations, with direct
TiO2→TiO2 transitions appearing only at the 3rd excita-
tion (TiO2/BA), 13th (TiO2/NA), 30th (TiO2/SA) or 48th
(TiO2/AA) excitations. Thus, these low-energy charge-
transfer excitations are responsible for the broadening of
the optical absorption of the TiO2/aromatic acid systems.
Moreover, TiO2/SA and especially TiO2/AAhave charge-
transfer excitations with high transition dipole moments
at the energies either just above the lowest-energy direct
excitation (for TiO2/SA) or below the lowest-energy
direct excitation (for TiO2/AA); these excitations are
responsible for the prominent peaks at ∼470 nm and
∼590 nm observed in the calculated spectra of TiO2/SA
and TiO2/AA.

This evidence for charge-transfer photoexcitation
from PDOS spectra and molecular orbitals involved
in excitations supports the hypothesis put forward in
the experimental studies of TiO2 functionalised with
salicylic acid, which proposed that the enhanced light
absorption in these complexes is caused by ligand-to-
metal charge transfer [23,60].

Thus, all TiO2/adsorbed aromatic acid systems stud-
ied in this work have a broader absorption range than
pure anatase, extending into the visible region of the solar
spectrum, as a result of charge-transfer excitations from
the adsorbate’s occupied states to the unoccupied states of
TiO2. This behaviour is similar to enhanced light absorp-
tion inTiO2/dye systems used in dye-sensitised solar cells
[28]. These excitations are likely to have a beneficial effect
on the photocatalytic activity of these materials: absorp-
tion in a broader wavelength range would improve the
light harvesting ability and therefore enhance the pho-
tocatalytic efficiency of adsorbate-functionalised TiO2.
Moreover, since these charge-transfer excitations pro-
duce photoexcited electrons in the TiO2 conduction
band but no holes in the valence band (the holes are
instead on the adsorbate), electron–hole recombination
in TiO2 would be reduced, and this can be expected to
result in longer lifetimes of photoelectrons, again lead-
ing to increased efficiency of photocatalytic reduction
processes. This is consistent with the experimental stud-
ies showing enhanced photocatalytic activity of salicylic
acid-modified TiO2 compared to pure TiO2 [23–25].

4. Conclusions

Our computational study investigated a variety of pos-
sible adsorption configurations of carboxylic acids on
anatase (101), focussing on the effect of the aromatic ring
and substituents in the aromatic ring on the nature of
adsorption and on the surface/adsorbate systems’ light
absorption. The adsorbates were chosen as the smallest
relevant examples of persistent organic pollutants that
may be present in wastewaters. Our calculations showed
that aromatic carboxylic acids, such as benzoic acid, nico-
tinic acid, salicylic acid and anthranilic acid, adsorbmore
strongly than formic acid, even though the nature of
covalent and hydrogen bonding at the surface-adsorbate
interface is the same.

We show that the preference for monodentate adsorp-
tion configurations over bidentate, which was previously
reported for formic and benzoic acid, also holds for
aromatic acids containing heteroatoms and functional
groups. Comparison of the results obtained with and
without dispersion correction shows that dispersion con-
tributes to the strength of adsorption of all configura-
tions. Moreover, we find that dispersion leads to themost
stable monodentate configuration where the adsorbate’s
aromatic ring is tilted towards the surface. This configu-
ration was not found in previous computational studies
of carboxylic acids adsorption on TiO2. Its high stabil-
ity is due to dispersion interactions between the aromatic
ring and the TiO2 surface. This configuration is partic-
ularly relevant for situations of low coverage by adsor-
bates, e.g. for photocatalytic removal of micropollutant
adsorbates, which are present in wastewaters in small
concentrations. We compared our results with available
computational and experimental data; in particular, spec-
troscopic observations of several adsorption modes for
salicylic acid on TiO2 may be explained by conversion
between monodentate and bidentate configurations.

To verify the reliability of these calculated stabili-
ties of adsorption configurations and to investigate pos-
sible dependence on the choice of the computational
method, we compared adsorption energies of several rep-
resentative adsorption configurations for formic acid and
salicylic acid using a series of DFT functionals with
Grimme’s dispersion correction and non-local (van der
Waals) functionals. The same trends in stabilities were
obtained with all considered DFT methods: monoden-
tate adsorption wasmore stable than bidentate, and tilted
adsorption configurations were more stable than upright
ones.

We evaluated the relative abundances (thermody-
namic probabilities of formation) of these adsorp-
tion configurations for each acid and found that, for
each adsorbate, the dominant monodentate adsorption
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configuration is expected to be present with the abun-
dance of 79–99% at room temperature. Other configura-
tions may be present in small amounts, e.g. salicylic acid
is predicted to have several configurations co-existing,
but these configurations are primarily also of the mon-
odentate type. This confirms that monodentate adsorp-
tion dominates on the clean anatase (101) surface. Alter-
native configurations, such as bidentate,may be preferred
on stepped and defect-containing surfaces, which were
outside the scope of this work.

Finally, we showed that adsorption of aromatic acids
(in particular, salicylic and anthranilic acid which con-
tain additional functional groups in the aromatic ring)
extends the optical absorption of anatase to the visible
range, as a result of charge-transfer excitations from the
adsorbate’s occupied states to the unoccupied states of
TiO2. These results suggest that relatively simple aro-
matic carboxylic acid molecules, such as salicylic acid,
can be used to enhance light harvesting by TiO2 nanopar-
ticles, as a low-cost way to improve the efficiency of
photocatalysis.
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