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In this paper, we investigate the electronic structures of triphenylamine molecules with three different
anchoring groups (pyridinyl, carboxyl, and phenyl-1,2-diol) before and after attachment with a p-type
semiconductor, nickel oxide (100), surface. To understand the charge transfer characteristics of these
structures commonly used in dyes of the dye-sensitized solar cells (DSSC), we use periodic models to
study their configurations with density functional theory (DFT). We find that carboxyl and phenyl-1,2-diol
anchors adsorb more strongly compared to pyridinyl anchor on NiO(100). Stronger binding is reflected
as a bigger dipole moment and a more viable charge transfer from the anchors to NiO(100).
Furthermore, the alignment of electronic levels favors charge transfer only for pyridinyl and phenyl-1,2-
diol anchors. Despite its weaker binding on the NiO(100) surface, pyridinyl is a more promising
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Introduction

Since the pioneering paper by O’Regan and Gritzel in 1991,
dye-sensitized solar cells (DSSCs) have attracted attention as a
promising technology to obtain clean and cost-effective energy
from sunlight conversion. DSSCs are a particular class of
photovoltaic devices, where the processes of charge photoge-
neration, transport, and light harvesting in the external circuit
are addressed by different components of the cell." In general,
DSSCs are classified as n-type, when the photogenerated charge
injected into the semiconductor is an electron, and p-type,
when the injected charge is a hole. The charge injection from
the dye to p-type oxides has been studied using spectroscopic
techniques and doping strategies have been implemented to
improve the semiconductor hole transport properties.”?

Most of the recent research efforts with p-type DSSCs (p-
DSSCs) focus on the use of nickel oxide (NiO) as the p-type
semiconductor.”® Unfortunately, the best efficiency reported
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anchoring group for transferring charge to NiO, as it does not create trap states.

for the NiO-based tandem p-DSSC is <4% with the p-DSSC
efficiency of 0.35%,'> compared to ~13% of the n-type
DSSC (n-DSSC) with a Zn-porphyrin sensitizer.”® Yet, the
combination of both the p- and n-type semiconductors in
tandem-DSSCs offers a premise for boosting the light-to-
current conversion efficiency of these devices over the theore-
tical Shockley-Queisser limit, (40%).>" At the present, the high-
est efficiency of a (TiO,-NiO-based) tandem-DSSC is ~29%."°
Clearly, the total efficiency of a tandem-DSSC is limited by its
less effective, p-type component. Therefore, new materials and
architecture design directions for improving the efficiencies of
the p-type DSSCs are needed.”'**>?2

A DSSC is composed of the following three main compo-
nents: dye molecules, a semiconductor surface, and an electro-
Iyte. A molecular dye, with the optical band gap ideally within
the visible range of the sunlight spectrum and a large absorp-
tion cross-section, is deposited on a wide bandgap porous
semiconducting oxide. The role of the dye is to efficiently
absorb the sunlight and convert the absorbed photons into
electron-hole pairs. The role of the oxide is to transport the
hole (or the electron) to the electrode (the countercharge being
transferred to the external circuit by a liquid or solid electro-
Iyte), to help reduce the dye molecule to the ground state, and
to promote the photoinduced hole transfer.*

The anchoring group of the dye is the bridge between the
dye and the semiconducting oxide surface. Therefore, the
anchoring group ultimately controls the charge injection and
potential voltage losses at the interface.>* > As a result, the
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anchoring group needs to fulfill the following three (i)-(iii)
requirements, in terms of stability and electronic structure. (i)
It must provide a solid tethering of the dye to the semiconduc-
tor to avoid its desorption from the surface and the consequent
degradation of the device. This is reflected by a significant
adsorption (or binding) energy of the dye on the semiconductor.
(i) The anchor must guarantee the appropriate alignment of the
electronic levels of the dye with those of the semiconductor. (iii)
The anchor should provide an effective communication between
the dye and the semiconductor, which is generally obtained by
spatially localizing the highest occupied molecular orbital
(HOMO) of the dye close to the valence band maximum (VBM)
of the semiconductor so that there is a significant wavefunction
overlap.?’

Besides for the n-DSSCs,® various organic dyes and anchors
have been previously investigated for p-DSSCs, with the goal
to improve the conversion efficiency.'®'”*® The most com-
monly used anchors have been carboxylic acid,"®*® cyanoacrylic
acid,?® pyridine,'®3° catechol,®" alkoxysilanes,”> and phospho-
nic acid.** Carboxylic acid has been the most studied and
favored anchoring group in literature for n-DSSCs, because it
has a significant binding energy with TiO, and its strong
electron withdrawing character allows polarization of the low-
est unoccupied molecular orbital (LUMO) of the dye towards
the oxide.”” However, the electron accepting, carboxylic acid
anchoring group that suits n-DSSCs is not expected to be
optimal for p-type DSSCs, because the HOMO of some dyes
has a weak electronic density on this anchor.**

In the case of the carboxylic acid anchor, which can bind
onto NiO(100) either in a monodentate or a bidentate form,” it
has been suspected that monodentate binding causes a negative
shift of the valence band edge of NiO due to the protonation of
the surface, while a pyridine ring does not have this drawback."®
The monodentate anchoring mode corresponds to the formation
of a covalent, chemical bond between the oxygen (O) atom of the
hydroxy (-OH) group of COOH and one surface metal, i.e., Ni,
atom. In the bidentate bridging®® anchoring mode, both oxygens
of a carboxyl group, i.e., in hydroxy (-OH) and carbonyl (C—=O0),
are chemically bound to two different metal atoms of the sur-
face. With perylene monoimide (PMI)-based sensitizers, the best
monodentate anchor is intermediate between the strongly and
weakly bound one, in terms of stability and photovoltaic perfor-
mance, when having a low aggregation on the NiO surface.'”
With the carboxylic anchor, the PMI dyes favor bidentate and/or
bidentate chelating mode according to the Fourier transform
infrared spectroscopy (FTIR) studies.’” Accordingly, carboxylic
acid, which is a moderately bound anchor, and has been
frequently but not thoroughly'®?® studied, provides a good
reference point for studies of bidentate anchors.

Jin et al. achieved an efficiency of 0.14% with a triphenylamine-
based (TRIA) sensitizer with two pyridine anchors.* However, the
bidentate mode has been reported to degrade the performance of
various sensitizers and reduce the ability of the pyridine anchor to
interact with the NiO surface.”® Good monodentate anchors for
the p-DSSCs on NiO with the PMI dyes have moderately binding
alcoholic OH groups.'” However, the derivations of the structure-
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property relationships of the p-DSSCs having anchors in a biden-
tate binding mode on NiO are not yet fully understood and are
therefore worth investigating and comparing to previous reports.

In the perspective of optimizing the design of the anchors
and molecular dyes for DSSC, computational modeling appears
as an extremely useful tool.>*>® Recent works have reported
density functional theory (DFT) electronic structure calculations
of heterojunctions built by grafting model dyes on NiO. More
specifically, Mufioz-Garcia et al.®” carried out DFT calculations
on the relative alignment of the HOMO of a coumarin-based
C343 dye and the VBM of NiO on the Ni(100) for two anchoring
groups: carboxylic acid and phosphonic acid. Our group inves-
tigated the adsorption of PMI-based dyes via carboxylic acid
anchor both in monodentate and bidentate mode on the
NiO(100) surface.>® Wykes et al.® investigated the influence of the
anchor adsorption on the electronic structure of NiO with formic
and benzoic acids and alkoxysilanes on the NiO(100) surface using
DFT with a surface slab unit cell of (11.81 x 8.86) A, Piccinin et al.
applied DFT and first principles molecular dynamics (MD)
simulations in water to the energy level alignhment of NiO-
C343-PO(OH),.* They avoided carboxylic acid anchor, which would
desorb from the oxide surface under aqueous conditions.>® They
applied a dipole in the 18 A thick vacuum region to compensate
spurious dipolar interaction among replicas in the DFT.*

Mufioz-Garcia et al.®” were addressing the effects of the
binding modes (monodentate/bidentate/tridentate). They
showed that grafting of the reference coumarin C343 dye
through the carboxyl acid anchoring is more stable in the
bidentate form than in the monodentate form on NiO, with
adsorption energies of 0.71 eV and 0.59 eV, respectively.®”
Moreover, they’” found that the relative shift of the HOMO of
the dye with respect to the VBM of NiO, is due to the surface
dipole, which depends on the binding modes of the anchors
and the topmost NiO layer. Furthermore, they stated that the
anchoring groups, which form the smallest interfacial dipole
are the most potential ones for p-type DSSCs. Despite the
various studies, the ultimate mechanism dictating the shifts
of the electronic levels of the anchors have not yet been fully
addressed.

Herein, the focus is on three commonly used anchoring
groups and their compatibility and interaction with the p-type
NiO(100) semiconductor surface, when bound to N,N-
diphenylaniline called TRIA (Fig. 1). The TRIA-anchors are compo-
nents of PMI-TRIA dyes, which are known to work in p-DSSCs,"°
and of other sensitizers. The anchoring groups are pyridinyl (PYR),
phenyl-1,2-diol (DIOL), and carboxyl (CARB). The aim is to inves-
tigate how the interaction of anchors with the surface is reflected
in chemical and electronic properties. The properties are studied
with DFT calculations using periodic models. The properties of
separated and interacting systems will be presented in the light of
their frontier molecular orbitals, energy level alignments, dipole
moments, interaction energies, and Mulliken population analyses.
The hypothesis, based on literature, is that one anchoring group,
PYR, stands out as a viable candidate over CARB for improving the
charge transfer properties of p-DSSC architectures. The question
is, which properties explain the hypothesized superiority of PYR.
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a) NON-INTERACTING SEMICONDUCTOR AND DYE

NiO (100)

TRIA-PYR

TRIA-DIOL TRIA-CARB

b) INTERACTING SEMICONDUCTOR AND DYE

NiO (100)/TRIA-PYR

b

NiO (100)/TRIA-DIOL

NiO (100)/TRIA-CARB

Fig. 1 Periodic models employed in the DFT calculations: (a) separated, non-interacting NiO(100) surface and the three TRIA-anchor dye models with
two pyridinyls (TRIA-PYR), two phenyldiols (TRIA-DIOL), and two carboxyl groups (TRIA-CARB) as anchors; (b) the interacting dye—NiO(100) surface
models are NiO(100)/TRIA-PYR, NiO(100)/TRIA-DIOL, and NiO(100)/TRIA-CARB. Solid lines indicate the super cell and the dashed lines the horizontal
lattice vectors of the periodic cell. Atom codes: carbon = black, hydrogen = white, nickel = grey, nitrogen = blue, oxygen = red.

Models and methods

The models are depicted in Fig. 1. Three TRIA-anchors (also called
dyes in this paper) and a NiO(100) substrate, and their composite
systems were investigated using DFT calculations with periodic
models. Calculations on separated systems enable the disentan-
glement of the effects associated with the changes in a chemical
structure of an anchoring group from those associated with an
electron density reshuffling upon adsorption and chemical bind-
ing onto a surface. The coordinates are in ESL}

The slab model for the NiO(100) substrate is cut from the NiO
bulk.*® The crystal is cubic (fcc) and has Fm3m symmetry in its
antiferromagnetic phase of the (100) surface. The (100) is the most
stable NiO surface.’® Atomic positions were fully relaxed with the
cell parameters kept fixed at their corresponding relaxed values in
bulk obtained in our earlier study (a, = 4.213 A).>® The slab model
of NiO(100) consists of two (2) layers thick (4 x 4) supercell along
the two periodic directions (Fig. 1a), for a total periodic surface of
16.71 A x 16.71 A. The use of a large surface is mandatory to host
the chosen organic moiety and avoid spurious image effects. The
thickness of the slab model was justified via additional calcula-
tions (Table S1, ESIT), which showed that the layer thickness has
very little effect on the energy levels. The calculations demon-
strated that our model yields converged results with reasonable
computational costs for the band gap, VBM, and the conduction
band minimum (CBM) of the semiconductor, when compared to
the thicker models (Table S1, ESIt). The thickness of the vacuum
in the z-direction is 500 A.

In the TRIA-anchor models (Fig. 1a), two PYR or two CARB
substituents are bound to a TRIA molecule at the 4,4'-, ie.,
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para-, positions to provide the PYR and CARB anchoring groups
and two DIOLs at the 3,4- and 3',4'-, ie., meta- and para-,
positions to provide the DIOL anchoring groups (Fig. 1). The
IUPAC names of the models with hydrogens are N-phenyl-4-
(pyridin-4-yl)-N-(4-(pyridin-4-yl)phenyl)aniline (TRIA-PYR), 4/,
4""-(phenylazanediyl)bis(([1,1"-biphenyl]-3,4-diol)) (TRIA-DIOL),
and 4,4’-(phenylimino)dibenzoic acid (TRIA-CARB). The ener-
getics of the separated TRIA-anchor dyes were studied as such
and without hydrogens (H-free), i.e., as radicals. We note here that
a phenyl-1,2-diol anchoring group is often named ‘catechol’ in
sensitizer literature after its isolated molecular form of benzene-
1,2-diol.

In the final, combined systems, each TRIA-anchor model is
adsorbed on the NiO(100) surface. The anchors are chemi-
sorbed on the Ni atoms through the N or O atoms. The
anchoring groups per site are -N, -COO*®, and -O° (Fig. 1b),
omitting the OH hydrogens intentionally and focusing on the
properties of anchoring groups. Besides the possibility of
adsorption on the surface, hydrogens or protons could react
with the electrolyte in a real device and not end up onto the
surface. Therefore, our focus here is not on the role of hydro-
gen. The adsorption models remain neutral.

The composite systems were fully relaxed, except for lattice
vectors (Fig. 1b). In the present work, only the bidentate
bridging mode is considered for TRIA-CARB, as the bidentate
form has been previously reported more stable on NiO(100)
with carboxylic acid anchors.'”?” The same principles are
applied to the binding of TRIA-DIOL. The binding sites on
the NiO(100) surface were selected according to the molecular
dimensions of the adsorbed species, and the adsorbates were

This journal is © the Owner Societies 2024
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placed symmetrically along the diagonal of the surface in the
case of PYR and DIOL, which have longer spacers. In the case of
CARB, which does not have the extra phenyl spacers to extend
as far, the sites were chosen as close to the diagonal as possible,
to keep the consistency with the other two models, still main-
taining the molecular conformation.

Electronic structure calculations and nuclear geometric
relaxations were performed using DFT,"" within the periodic
boundary conditions (PBC), with atomic centered Gaussian
basis approach, as implemented in the CRYSTAL09 code,***?
utilizing hybrid functionals.

The B3LYP hybrid functional****> was chosen for both the
NiO and the dye models as it is known to reproduce the
experimental band gap and orbital energies of organic solids
better than the standard generalized gradient approximation
(GGA) functionals (see ESIT).*® The 6-31G(d,p) basis set was
used for the dyes,*® and 86411/6411/41*” and 8411/4114*" basis
sets, which have been previously fine-tuned to yield accurate
results for the Ni and O atoms, respectively, with NiO,*” and
have been successfully applied to the NiO(100) surface.®” The
basis sets of the surface (Ni, O) describe the number of
Gaussian primitive functions for the (d)/p/s orbitals, respectively.
Calculations were performed for the I'-point only, which should
give sufficient description of the small first Brillouin zone of the
sizable supercell used here (Fig. 1). We note that care needs to be
taken when choosing the method for describing the electronic
structures as, eg, functionals can predict band gaps of
inorganic**™' and HOMO-LUMO gaps of organic®*** compounds
with clear differences compared to other approaches and experi-
mental results. We used the computational setup confirmed in our
previous paper.*® No imaginary frequencies were found.*® Solvent
effects and electrolytes, which would be worth a separate paper,
were excluded, as the focal point here is on anchors. Moreover,
solvent and electrolyte environments would require excessive
supercomputer resources leading to even higher computational
costs on top of the already heavy theoretical calculations.

Here, our main purpose is to present new insights from a
LCAO-based approach for the known anchor, CARB, and to try to
replicate and explain the potentially good anchors, DIOL and PYR,
with the help of the CRYSTAL code. Although DFT is a standard
method for similar, large systems, usually either plane waves®"*%>*
or MD simulations®**** have been used, which require less
resources with periodic models than the LCAO approach. If LCAO
approaches have been chosen, they have been mainly applied to
isolated dye molecules to (i) confirm experimental results™'®>* or
(ii) model the HOMO/LUMO distributions.*'®>* As such, they
usually give a reasonable agreement with the experiments, but
do not explain everything.”* One of our motivations was to justify
our approach and show that with CRYSTAL/LCOA we can achieve
reasonable results compared to experiments and yield more
insight into the charge transfer mechanism within p-DSSCs.

We verified that the present computational setup, in con-
nection with the model size adopted, provides converged values
for both the VBM and CBM of NiO (Table S1, ESIt). A band gap
of 3.9 eV is predicted for our two layers thick (4 x 4) NiO
supercell, which is only 0.2 eV larger than the experimental
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optical gap (Table S1, ESIT). In all cases, the spin-polarization of
Ni in the NiO slab has been incorporated to reproduce the anti-
ferromagnetic (AF,) phase of NiO as described in ref. 38.
Related keywords are listed and explained in the ESL

Results and discussion

The density of states (DOS) and partial-DOS (pDOS) are com-
monly used to investigate how the energy levels align, when an
adsorbate adheres on the semiconductor of a DSSC. The energy
levels often shift and are different in the isolated and adsorbed
systems. The energy levels can be realigned by tuning the
electrostatic potential using different adsorbates.

Two pyridinyl anchors on nickel oxide surface

In the following, the electronic structures of the separated
pyridinyl anchors, NiO(100), and their heterostructures are
discussed. The planar, averaged electrostatic potentials (left)
and electronic pDOSs (right) are presented in Fig. 2 for (a) the
non-interacting TRIA-PYR-anchor and the NiO(100) surface,
and (b) the combined interacting TRIA-PYR-NiO semiconduc-
tor system (Fig. 2).

For the TRIA-PYR oriented as in Fig. 2a, the electrostatic
potential downshifts by 0.41 eV along the TRIA-PYR from the
PYR-anchor to TRIA. This downshift, AE,,., in our periodic
models is due to the presence of a non-null electric dipole
moment of the dye molecule in the cell, which indicates that
electrons are clustered on the anchoring site. This is consistent
with the Helmholtz eqn (1).”?

—H:

AEy,c = ol (1)
where i, is the component of the dipole moment per surface
unit A in the direction perpendicular to the surface, ¢, is the
vacuum permittivity, and A4 is the surface area of the periodic
cell of the original NiO Fm3m cubic lattice. The slab model,
which mimics NiO, is characterized by inversion symmetry,
reminiscent of the Fm3m space group associated with the NiO
bulk crystalline structure. As a result, the total dipole moment
along the surface normal, u,, is zero for the slab, only. For the
isolated TRIA-anchor, we used the same surface area for con-
sistency despite the absence of the NiO(100) surface. The sole
TRIA-PYR molecule (Fig. 2a) is not rigorously symmetric, but
the presence of the three chemically equivalent aromatic rings
anticipates a small molecular dipole moment in the cell. On the
other hand, the PYR anchoring group perturbs the electronic
structure of the other two of the three aromatic rings, and
therefore, gives rise to a molecular dipole moment. This
explains the asymmetry in the electrostatic potential on the
two sides of the dye (Fig. 2a).

The electronic level alignment for the non-interacting dye
and the NiO semiconductor is illustrated by the DOS of Fig. 2a.
The computed VBM and CBM lie at —4.81 eV and —0.96 eV,
respectively, for the isolated NiO slab (Table S4, ESIt). These
energies are obtained by referring to the electronic levels with
respect to the electrostatic potential in vacuum, taken as zero

Phys. Chem. Chem. Phys., 2024, 26,17588-17598 | 17591
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a) NON-INTERACTING SEMICONDUCTOR - DYE

Density Of
States

Electrostatic potential

0.50

energy (eV vacuum)

b) INTERACTING SEMICONDUCTOR - DYE

Electrostatic potential Density Of

States

energy (eV vacuum)

Fig. 2 Electrostatic potentials (left) of the (a) separated NiO(100) (red) and
TRIA-PYR (blue) and (b) interacting NiO(100)-TRIA-PYR system (black).
Partial DOSs (right) of NiO(100) (red line) and TRIA-PYR (blue line). The
blue arrows on the electrostatic potentials describe the downshift of the
dipole moments generated when TRIA-PYR is isolated (above) and
adsorbed onto NiO (below).

energy reference, in analogy to ultraviolet photoemission
spectroscopy (UPS) measurements, where the corresponding
value for VBM is —5.4 eV,’® which confirms a reasonable
agreement between our calculations and experimental mea-
surements. Note, that for the TRIA-PYR molecule, instead, the
energetics of the electronic levels can be arbitrarily referred to
the electrostatic potential on both sides of the molecule, ie.,
either on the side, where the molecule is grafted onto the NiO
surface, or on the side that is exposed to the vacuum.

With the aim to compare the energetics for the electronic
levels of NiO, we consider the first choice conceptually more
correct, as done in Fig. 2a. In this frame, DFT yields the HOMO
and LUMO of the TRIA-PYR dye at —5.33 eV and —1.51 eV
(Table S4, ESIt), respectively. The HOMO of the dye is ca. 0.50
eV below the VBM of the semiconducting NiO, which is a
fundamental requirement for the working mechanism in the
p-type DSSC devices. Referring to ‘Introduction’, the electronic
configuration in Fig. 2a allows, in fact, a hole photogenerated
in the dye and residing in the HOMO level to jump onto the
VBM of the NiO surface, under spontaneous thermodynamic
conditions.

The alignment of the electronic levels of the independent
dye and semiconducting NiO components, as seen from the
pDOS of Fig. 2a, does not consider the perturbation on
the electronic structure arising from the dye’s adsorption onto
the oxide surface. To clarify the effects resulting from adsorp-
tion and to achieve a reliable description of the electronic
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structure of the TRIA-PYR-NiO heterointerface, DFT calcula-
tions were performed for TRIA-PYR-anchor on the NiO(100)
surface, fully relaxing the atomic positions.

The planar, averaged electrostatic potential, and the pro-
jected pDOS of the heterointerface of the interacting TRIA-
PYR-NiO system is presented in Fig. 2b. The electronic struc-
ture of the NiO is almost unaffected by the grafting of
the molecular dye: VBM and CBM levels lie at —4.83 eV and
—0.97 eV (Table S4, ESIT), respectively, and the general shape of
the pDOS remains very similar (Fig. 2b) to the isolated NiO slab
(Fig. 2a). Also, the electronic structure of the dye does not
drastically change: the TRIA-PYR system shows a HOMO-
LUMO gap of 3.78 eV on the NiO(100) surface (Table S4, ESIf),
only less than 0.1 eV narrower and shifted to a lower energy,
than that of the isolated TRIA-PYR dye (3.82 eV relaxed and
3.87 eV twisted).

Similarly, the pDOSs of the TRIA-PYR dye are similar in
shape before and after grafting, at least in the region close to
the frontier orbitals, apart from some features between 0 eV
and —1 eV. Most notably, no intra gap trap states appear, which
could act as recombination centers for the photogenerated
electrons and holes and hence negatively affect the expected
photovoltaic properties of the TRIA-PYR at the NiO heterointerface.
The only significant variation between the electronic structures of
the non-adsorbed and adsorbed TRIA-PYR is the change of the
electrostatic potential (for the stabilized structures) by 0.22 eV from
—0.41 (1, of 3.09 D per cell) eV to —0.63 eV (Fig. 2), upon grafting of
the TRIA-PYR molecule on the Ni-oxide surface. The downshift of
—0.63 eV corresponds to an interfacial dipole moment component
of y1, of 4.75 D (eqn (1), 4 = 2.8396 x 10~ '® m?, per cell), which can
be in large part explained by electrostatic effects. Disentangling the
origin of this downshift of the electrostatic potential is complex.
Compared to the relaxed dye, grafting stabilizes the HOMO
(—0.36 eV) and LUMO (—0.40 eV) of TRIA-PYR, which assume
energies of —5.69 eV and —1.91 eV, respectively (Table S4, ESIt), on
the surface. Twisting of the TRIA-PYR structure due to grafting
explains 0.11 eV (HOMO) and 0.06 eV (LUMO) of the lowered
energies, but more importantly, HOMO remains below the VBM in
the interacting system.

With the same distorted, twisted geometry for the TRIA-PYR
as after the grafting on the surface, the electrostatic jump
increases to 0.51 eV. On the other hand, Mulliken population
analysis on the combined dye-semiconductor system shows
that 0.14 electrons from NiO and 0.04 electrons from TRIA are
gathered on the PYR anchor (0.18, Table S5, ESIf). All these
results point to the fact that the PYR anchoring group can draw
electrons from the surface to the dye (push holes to the
semiconductor). In other words, a PYR anchor can favorably
interact with the NiO(100) surface in the p-type dye-sensitized
solar cells.

To sum up, the presence of the PYR anchoring group does
not strongly perturb the electronic structure of the TRIA dye
when either free or interacting with the NiO surface, i.e., there
is no significant modification of the pDOS and/or appearance
of intra-gap trap states. The only significant effect is related to
the downshift of the frontier orbital electronic levels of the dye,
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which increases the VBM-HOMO offset from ca. 0.50 eV to ca.
0.80 eV (Fig. 2), hence making the hole injection from the
TRIA-PYR dye to the p-type NiO semiconductor exothermic in
the interacting system. It seems that the PYR is indeed a
plausible and an “inert” anchoring group in TRIA, with the
main effect on the electronic structure being the ca. 0.30 eV
downshift of the frontier orbital energies, associated with the
electrostatic effects.

Two carboxyl anchors on the nickel oxide surface

Carboxyl group of a carboxylic acid has been a very popular
anchor for n-type DSSCs due to its superior performance in
TiO,-based DSSC devices. Therefore, it is crucial to establish its
impact also on the electronic structure of p-type heterointer-
faces. Here, this will be done using TRIA with carboxyl anchor
groups in two phenyls, one in each, and a NiO(100) surface.
Fig. 3 reports the planar averaged electrostatic potential (left)
and electronic partial DOS (right) for both (a) the non-
interacting and (b) interacting systems.

The TRIA-CARB dye shows a downshift (—0.13 eV) in the
electrostatic potential from the CARB-anchor to TRIA, hence
indicating a molecular dipole moment component g, of 0.98 D
per cell. The electronic structure of TRIA-CARB, as illustrated
by the pDOS (Fig. 3a), nicely parallels with that of the TRIA-PYR
dye (Fig. 2a), apart from the region between 0 and —1 eV.
HOMO and LUMO levels are computed at —5.62 eV and
—1.65 eV for the relaxed dye and —6.64 eV and —2.61 eV for

a) NON-INTERACTING SEMICONDUCTOR - DYE

Density Of
States

Electrostatic potential

energy (eV vacuum)

b) INTERACTING SEMICONDUCTOR - DYE

Electrostatic potential Density Of

States

energy (eV vacuum)

P

Fig. 3 Electrostatic potentials (left) of the (a) separated NiO(100) (red) and
TRIA-CARB (blue) and (b) interacting NiO(100)-TRIA-CARB system
(black). Partial DOSs (right) of NiO(100) (red line) and TRIA-CARB (blue
line). The blue arrows on the electrostatic potentials describe the dipole
moments generated when TRIA-CARB is isolated (above) and adsorbed
onto NiO (below).
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the H-free TRIA-CARB-anchor (Table S4, ESIY), respectively,
compared to the vacuum on the side of the anchoring groups.
The corresponding HOMO-LUMO gaps are 3.97 €V and 4.03 eV
(Table S4, ESIt), respectively. Considering the electronic level
alignment (Fig. 3a), the HOMO of the TRIA-CARB dye is pre-
dicted to be more stable than the VBM of the NiO with all anchor
models, hence suggesting that the charge (hole) injection from
the dye to the NiO might be thermodynamically spontaneous.

However, the electronic structure of the TRIA-CARB-NiO
heterointerface changes strikingly, once the dye is adsorbed
onto the Ni atoms of the oxide surface (Fig. 3b), in a sharp
contrast to the case of the PYR anchor, where HOMO shifted
only slightly downwards. In the case of TRIA-CARB, the elec-
trostatic potential upshifts by 0.64 eV (Fig. 3b), which corre-
sponds to an interfacial dipole moment component p, of of
—4.83 D (eqn (1), A = 2.8402 x 10~ '®* m?). Also, a change in
pDOS is visible as a strong perturbation in the electronic
structure at the heterointerface. The electronic structure of
the TRIA-CARB is clearly modified and shifted upwards in
energy when it adsorbs onto the p-type NiO semiconductor
via CARB-anchors.

After adsorption, the pDOS of the TRIA-CARB (Fig. 3b)
resembles the pDOS of the NiO surface in the energy range of
the valence band. The HOMO and LUMO of the TRIA-CARB dye
shift upwards sizably in energy. Consequently, the HOMO
shifts 0.27 eV above the VBM of NiO making the charge (hole)
injection from the dye to the Ni-oxide thermodynamically
undesirable. Moreover, a few intra-gap trap states appear in
the band gap of NiO, which can act as recombination centers
and negatively affect the working mechanism of a hypothetical
p-DSSC device based on this heterointerface. Optimized spacer
length might help in preventing unfavorable trap states and
charge recombination in a p-DSSC.””

The ultimate questions in the case of CARB anchors come to
the effects that induce the notable reorganization of the elec-
tronic structure when the anchor is grafted onto the NiO
surface. (i) First, the HOMO and LUMO of the TRIA-CARB
dye upshift considerably, i.e., 1.13-2.15 eV (to —4.49 eV) and
0.91-1.87 eV (to —0.74 eV) (Table S4, ESI{), respectively. This
inverts the order of the HOMO and VBM, which can be
explained by the electrostatic effects caused by grafting. The
HOMO-LUMO gap of TRIA-CARB narrows by 0.22-0.28 eV after
grafting (3.75 eV) when compared to the relaxed and H-free
TRIA-CARB-anchors but 0.59 eV compared to that of the
twisted molecule detached from the surface (Table S4, ESIf).
Although PYR’s longer spacers help to move LUMO further
from the heterointerface, the HOMO-LUMO gap is only slightly
smaller in energy in TRIA-CARB than in TRIA-PYR (3.78 eV) on
the NiO(100) surface. (ii) Second, the pDOS of the TRIA-CARB
dye reorganizes and shifts up in energy in the valence band
region, when HOMO shifts up (bringing lower energies visible
in Fig. 3b). (iii) Third, the Mulliken population analysis of the
combined TRIA-CARB-NiO system suggests that ca. 1.4 elec-
trons collect to the TRIA-CARB dye from the NiO surface, and
the CARB anchor receives ca. 0.5 electrons of them (Table S2,
ESIT). Because most electrons are gathered on the TRIA part,
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they create a dipole moment to the system, which is seen as an
upward shift of the electrostatic potential. This explains the
upward shift (the perturbation in electronic configuration) of
HOMO and LUMO of the TRIA-CARB dye when in contact with
the NiO surface and the possible rearrangement of the pDOS.
While the energetics of the states suggests unfavorable setup,
i.e., HOMO of CARB is above VBM of NiO, the upshift in
electrostatic potential hints that to some extent CARB can pull
electrons from the surface to the vacancy created by the excita-
tion. However, our calculations show that the process is not
very efficient due to the unfavorable energy level alignment and
no spontaneous reaction results after the excitation.

In summary, the CARB anchoring group perturbs the elec-
tronic structure of the TRIA-CARB dye when grafted on the
NiO(100) surface. This is visible as a significant modification of
the pDOS and/or appearance of intra-gap trap states. The
electronic frontier molecular orbital levels of the dye shift up
by ca. 1-2 eV, which reverses the mutual order of the VBM and
HOMO levels and creates an inefficient charge (hole) injection
from the HOMO of the TRIA-CARB dye to the VBM of the p-type
NiO semiconductor in the interacting system. In the light of
these results, CARB turns out not to be a good choice for and
anchor with the TRIA dye at p-type NiO heterointerfaces but
preserves its demonstrated superiority in some architectures
for the n-type devices.

Two phenyl-1,2-diol anchors on the nickel oxide surface

Catechol and its derivatives with a phenyl-1,2-diol group have
been previously experimented as anchors in n-type TiO,-based
DSSC devices with ca. 0.5-1.5% photovoltaic efficiencies.*
Here, we will computationally investigate the impact of the
phenyl-1,2-diol anchors (DIOL) on the electronic structure of p-
type heterointerfaces, similarly as above. Fig. 4 presents the
planar averaged electrostatic potential (left) and electronic
pDOS (right) for (a) the non-interacting and (b) interacting
TRIA-DIOL dye grafted on the NiO(100) semiconductor.
Furthermore, the effect of the hydrogen removal on the electro-
static potential (left) and DOS (right) for the isolated dye
molecule is presented in Fig. 4c.

As in the case of the other TRIA-anchors, the electrostatic
potential is unsymmetric and now has an upshift of 0.28 eV for
the isolated TRIA-DIOL dye. This shift corresponds to a mole-
cular dipole moment component p, of —2.11 D per one TRIA-
DIOL cell, created when one DIOL anchoring group perturbs
the electronic structure of the other aromatic rings. This
asymmetry in the molecule also explains the asymmetry in
the electrostatic potential (Fig. 4a).

When comparing the energetics of the electronic levels, the
HOMO and LUMO of the isolated TRIA-DIOL are —4.50 eV°>®
and —0.52 eV°® for the fully relaxed and —6.83 eV and —2.59 eV
for the H-free structures (Table S4, ESIt), respectively, yielding
correspondingly HOMO-LUMO gaps of 3.82 eV and 4.24 eV,
comparable to those of the other dyes. The HOMO calculated
with the relaxed TRIA-DIOL molecule is 0.31 €V above the VBM
of the isolated NiO semiconductor (Fig. 4b), but below the VBM
in the H-free model (Table S4, ESIt). Thus, the DFT calculations
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Fig. 4 Electrostatic potentials (left) of the (a) separated NiO(100) (red) and
TRIA-DIOL (blue) and (b) interacting NiO(100)-TRIA-DIOL system (black).
Partial DOSs (right) of NiO(100) (red line) and TRIA-DIOL (blue line). The blue
arrows on the electrostatic potentials describe the dipole moments generated
when TRIA-DIOL is separated (a) and adsorbed onto NiO (b). (c) The effect of
the hydrogen removal on the electrostatic potential (left) and DOS (right) for
the separated TRIA-DIOL dye molecule. The blue arrow in (c) describes the
downshift of the HOMO energy because of the hydrogen removal.

with the isolated full dye molecule suggest that the hole
injection from the TRIA-DIOL to the NiO might not be thermo-
dynamically spontaneous on the heterointerface, but when
using a H-free TRIA-DIOL-anchor model would be in fact still
feasible, as in the case of the CARB-anchor.

When TRIAL-DIOL-anchor is adsorbed onto the NiO(100)
surface, the electronic structure of the TRIA-DIOL changes
dramatically (Fig. 4) compared to the TRIA-PYR (Fig. 2). The
electronic structure of the NiO slab remains almost the same,
with the VBM and CBM levels, and the general features of the
pDOS remain practically unaffected, as was the case with the
other anchors earlier above. Thus, the most striking change is
the electrostatic potential, which downshifts —1.37 eV (between
the two sides of the monolayers) at the p-type heterointerface,
corresponding to an interfacial dipole moment component .,
of 10.33 D (eqn (1), A = 2.8416 x 10 ¥ m?).
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Moreover, the pDOS of the TRIA-DIOL dye is perturbed and
reshaped on the p-type NiO surface. Both the HOMO and
LUMO levels are stabilized enormously (by ca. —2.0 eV) if
compared to the molecular anchor model shifting HOMO ca.
—1.7 eV below the VBM (to —6.53 eV) after grafting (Fig. 4b).
However, if compared to the H-free and twisted TRIA-DIOL-
anchor models, the change in the HOMO level energy is very
small (Table S4, ESIf). Hydrogen free TRIA-DIOL is twisted
when it is adsorbed onto the NiO surface (Fig. 4b and Fig. S7,
ESIT). Removal of hydrogens pushes the energy levels below the
VBM and is the main reason for the energy changes in isolated
and adsorbed environments (Table S4 and Fig. S4, ESIt). The
structure twisting has only a minor effect on the energy level
alignment. Consequently, the hole injection from the dye to the
NiO is predicted to be thermodynamically very spontaneous.

Furthermore, the Mulliken population analysis of the com-
bined TRIA-DIOL-NiO system shows that ca. 0.2 electrons
move from the NiO surface to the dye molecule, accumulating
on the DIOL anchor (Table S5, ESIT). This is slightly larger than
that for the TRIA-PYR-NiO system. Accordingly, the calcula-
tions suggest that DIOL is a good anchor choice to pull
electrons with the TRIA dye at p-type NiO heterointerfaces.

However, an empty state is observed at ca. 0.2 eV above the
VBM of NiO between the HOMO-LUMO gap, which widens by
ca. 0.2 eV (Fig. 4b). Due to its energetic position, it can act as a
trap state for electrons injected from the NiO to the TRIA-DIOL
and increase their recombination, which impairs the function-
ing of the conceivable p-DSSC device based on this heterointer-
face. Similar trap states have been previously observed also with
catechol in the n-type TiO,-based DSSC-devices.*' Further
investigation revealed that the trap states are due to the
removal of the hydrogens from the DIOL anchor (Fig. 4c). In
other words, the removal of hydrogen creates electronegative
trap states onto the anchor, which is seen as a downshift of the
HOMO and DOS energies (light blue, Fig. 4c). Because the
hydrogens will be removed upon adsorption on the NiO, DIOL
anchors might not act ideally as the energy level alignment
suggests, .e., HOMO is located below VBM. This could partially
explain the low efficiency recorded in the literature.

As a summary of all anchors, the results suggest that
nitrogen would be a reasonable choice as a part of the anchor-
ing group for TRIA, because it less likely creates trap states,
which are absent in TRIA-PYR. While we do not see the empty
hydrogen states in TRIA-CARB, it does not mean that they do
not exist, but they are part of the pDOS in the lower energy
levels, and thus, do not act as the trap states. Moreover, PYR
has the lowest interfacial dipole moment compared to CARB or
DIOL, which supports the conclusion by Mufioz-Garcia®® that
anchors, which are the most potential for the p-type DSSCs,
have the smallest interfacial dipoles. As a result, PYR would be
a safe choice for the anchoring group.

Adsorption energies

Finally, the adsorption energies of the H-free anchor groups on
the NiO surface are compared to understand the behavior of
anchors on p-type interfaces. The adsorption energies, E,qs, Of
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the anchors are calculated using the eqn (2) as

Eags = — (Egye/nio — Eaye — Enio); (2)
where each Egyenio presents the total DFT energy of a H-free
TRIA-anchor adsorbed on NiO (dye/NiO), Eqy. the energy of a
separated TRIA-anchor (dye), and Enjo the energy of an isolated
NiO surface (NiO), respectively. The adsorption energy per one
anchor site, i.e., per one anchor unit per dye, is obtained by
dividing the adsorption energy®® by 2, because there are two
anchor units per one dye molecule. While we acknowledge that
the two groups might not be identical, we assume that they are
very similar due to the structural symmetry. In general, the
adsorption energy of an adsorbate is calculated for a relaxed,
molecular species, but we study the nonhydrogenated relaxed
case below.

The results demonstrate that the adsorption energy increases
in the order of PYR < CARB < DIOL as 0.57 < 2.07 < 2.19 eV
for the relaxed dyes without hydrogens, corresponding to ca.
55 < 200 < 211 kJ mol ' chemical “binding” energies. In the
case of PYR this refers to “physisorption” or electrostatic inter-
action instead of chemical binding. The adsorption energy of
CARB without hydrogens compares extremely well with the
adsorption energy (—4.1 eV/2) of a bigger dye we used in our
previous work, where the model and surface were both hydro-
genated and the bidentate binding mode was studied.*®

For the twisted dye detached from the NiO surface and kept
without hydrogens, the adsorption energies of PYR and CARB
resemble more of each other than above: PYR < CARB < DIOL
as 0.63 < 0.71 < 2.01 eV (ca. 61, 69, 194 k] mol ", respectively),
reflecting tension in the highly twisted, bidentate mode of the
TRIA-CARB model, which weakens the adsorption strength
compared to the fully relaxed adsorbate (above). The order of
the adsorption energies remains the same as above, and that
of the PYR is almost the same for the twisted separated model
and the adsorbed model because no hydrogens need to be
removed. This is also reflected in the HOMO and LUMO
energies of PYR (Table S4, ESIt), which are almost the same
for the fully relaxed structure, the twisted one, and on the
surface. The HOMO and LUMO energies (Table S4, ESIf) of
DIOL changed the least when comparing either the H-free
relaxed or H-free twisted structure, and the adsorbed H-free
system, and this is reflected also in adsorption energies, which
are almost the same (2.19 eV and 2.01 eV, respectively).

In fact, PYR is weakly bound with vacant Ni metal orbitals at
the NiO surface via the lone pair of the pyridinyl nitrogen,
which is electronegative, forming a Sigma bond. The pyridinyl
ring cannot only bind with the metal ion with its m-electrons,
but also withdraw and accept some electron density from the
metal to its delocalized n* anti-bonding orbitals.>® The trend in
the adsorption energies agree also well with the calculated
increasing trend of the magnitude of the dipole moment
component y, and its direction for the anchors, ie., PYR <
CARB < DIOL and the Mulliken population analysis, as a small
amount of electron density moves from the NiO surface to the
anchoring pyridinyl ring.
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Furthermore, the calculated adsorption energy of the fully
relaxed, H-free CARB anchor on the NiO(100) surface equals to
ca. 1/2-2/3 of a covalent C-O bond energy (ca. 360 k] mol ). The
data also agrees with the high-resolution electron energy loss
spectroscopy (HREELS) results on NiO(100) where the adsorp-
tion saturates with one carboxylate for every two nickel sites.®®
The carboxyl group with its oxygens withdraws electrons strongly
from neighboring molecular entities and thereby deactivates
them. These characteristics are reflected in the calculated Mulli-
ken population as electron density is strongly pulled from the
NiO surface (ca. 1.4 el.) to the CARB anchor, where close to half
of it resides, and the rest (ca. 0.8 el.) moves to the first phenyl
groups bound to the anchoring groups. In other words, due to
the strong binding and charge withdrawal effects, the electron
density focuses closer to the surface. There also exists experi-
mental evidence for a reduction of an adsorption energy as a
function of an increasing carboxyl coverage on NiO surface.
Namely, the differential heat of adsorption of 202 k] mol "
was observed for a low coverage of formic acid on a NiO(111)
— (2 x 2) surface, but 99 kJ mol ! at saturation (0.25 ML).*!

The DIOL anchor adsorbs slightly more strongly than CARB
onto the NiO surface. Again, the Mulliken population analysis
reflects this behavior and shows that 0.2 el. leaves the surface,
and one electron is distributed within the whole CARB-TRIA
dye. This is also seen as a wider and more negative distribution
of the electrostatic potential in the regions of the phenyl-1,2-
diol and phenylamine rings (Fig. 4b).

We agree with the previous studies by Jin et al,* Marri
et al,'®%% and Cui et al,'® that the PYR anchor could work
better than the CARB and DIOL anchors in p-type DSSC devices,
despite its weaker binding (adsorption energy) on and a low
current of electrons (Mulliken) from NiO. Even though HOMO is
below VBM both in PYR and DIOL, the decisive factor that favors
PYR over DIOL is the absence of the trap states in PYR. This is an
encouraging finding, as despite larger dye molecules are used in
experiments,’”” a small TRIA-anchor model can predict the
experimental results indicating that pyridinyl anchor would
work in a variety of selections of dyes in p-type DSSCs.

Conclusions

According to the data analysis of our DFT calculations, we find
that the interactions of the anchoring groups with the NiO(100)
surface vary their potential for charge transfer. While PYR
shows the least interaction with the surface by Mulliken
population analysis and adsorption energy, the energetic align-
ment after adsorption supports the thermodynamically sponta-
neous electron transfer. The CARB anchor draws more
electrons from the NiO(100) surface than PYR. However, the
energy level alignment shifts from favorable to unfavorable
when CARB adsorbs onto the NiO surface. DIOL shows both
the favorable energy level alignment after a strong adsorption
and a possibility for the charge relocation. However, upon
adsorption DIOL gains empty states, which may interfere with
the charge transfer processes as potential trap states.
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Based on our results, we suspect PYR to be a good anchor
upon adsorption. Its adsorption leads to the least dipole
moment change, the electronic configuration remains almost
unchanged, and the electrostatic potential suggests feasible,
albeit weak surface-dye interactions. While DIOL and CARB
can be plausible, functional anchoring groups, they have
obstacles to bypass, such as trapping electrons, to reach the
higher efficiencies than currently recorded.

In conclusion, the properties of an anchoring group, which
is one of the most crucial parts, when dye-surface interactions
are considered, might not be as intuitive as appears at first
sight. PYR is a reasonable choice for an anchoring group: the
energy level alignment prefers thermodynamically spontaneous
charge transfer reactions without trap states and it is able to
shuttle charges in small amounts despite its weaker binding
compared to CARB or DIOL on the NiO(100) surface. Our
results are consistent with the experimental literature, which
supports pyridinyl for p-DSSC devices. While we can generalize
pointers for other dyes, lots of research is still needed in this
field, e.g., comparative studies on other binding modes, chelat-
ing, and the roles of electrolyte, protons, and solvents, which,
however, would need to be addressed using computationally
less-demanding approaches.
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