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Additives are regular components in dye sensitized solar cell (DSSC) electrolyte preparations. 4-teriary butyl
pyridine (4-TBP) is one of the most common additives in DSSC electrolytes. The role of 4-TBP at enhancing the
open circuit voltage via negative shift of the conduction band edge of TiO, is widely recognised, however, its
capability for interfacial charge transfer transition (ICTT) is unknown. In this contribution we use DFT to
examine adsorption of 4-TBP and its analogues on TiO,. The results show that 4-TBP is capable of ICTT in the UV

region. Analogues bearing electron donating groups display ICTT in the visible region. While analogues bearing
electron withdrawing groups may display no ICTT and cationic analogue displayed reversed ICTT. The results
provide insights on the effect substituents on the negative shift of the conduction band edge of TiOs. The results
also revealed wider scope for selection of additives for enhancing the performance of DSSCs.

1. Introduction

Dye sensitized solar cell (DSSC) is one of emerging photovoltaic
technologies that is expected to contribute significantly to the quest to
increase the proportion of solar electricity in the global energy mix
because of its low energy pay-back time [1,2]. DSSC is also appealing
because of its higher low light efficiency than silicon based solar cells
and easy integration into building as windows, wall etc [3]. In order to
further make DSSC attractive for wider applications such solar fuels
production, internet of things [4], etc., a number of strategies are being
explored to improve conversion efficiency of DSSC [5]. The power
conversion efficiency is directly related to the open circuit voltage (Vo)
and the short circuit current (Js.) [6].

The current product by a DSSC is a function of light harvest, electron
injection and charge collection efficiencies [7]. The value of Js. depend
partly on the individual and interfacial processes between the four DSSC
components (the semiconductor, TiOg; the sensitizer, dye; the redox
mediator, e.g iodide/triiodide; and the counter electrode) [8,9]. How-
ever, the value of V., is determined by the difference between the
semiconductor conduction band and the redox potential of the redox
mediator. Pursuits of increase of V. are through reduction of voltage
losses from electron injection driving force, recombination processes
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and regeneration energy of the oxidised dye [10,11]. Iodide/triiodide
redox couple is one of the early effective redox mediators that is popu-
larly used in DSSC devices. Hence, V. values of early DSSC devices are
limited by the redox potential of redox potential of iodide/triiodide
redox couple. Larger V,. values were obtained when iodide/triiodide
redox couple is replaced by cobalt complexes and later copper com-
plexes redox couples via reduction of regeneration energy [12].
Another strategy being employed for improving the conversion ef-
ficiency of DSSCs is addition of Lewis bases to the redox mediator so-
lution. The inclusion of Lewis bases in DSSCs redox electrolytes is
primarily to impact surface passivation of the TiO, via adsorption on
coordinatively unsaturated surface TiOy sites. The surface passivation
suppresses unwanted recombination between injected electron into TiO»
and redox mediator in the electrolyte [13-15]. For this purpose,
4-tert-butylpyridine (TBP) became a ubiquitous additive in electrolytes
of because of its pyridine nitrogen and hydrophobic tail. Moreover, it
has also been shown that TBP adsorption on TiO raises the energy level
of conduction band of TiO, [16]. The elevation of TiO5 conduction band
energy level increases the V. at the expense of reduced electron injec-
tion driving force. Another commonly employed electrolyte additive in
DSSC is lithium ion (Li™). Contrary to TBP adsorption of Li ™ shifts down
the conduction band edge of TiO, [17,18]. Accumulation of Li © on TiOs
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Table 1
4-TBP analogues with strong electron donating para substituents.
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surface had been shown to passivate TiO, surface, stabilize electrons in
the TiO, and also induces Stark effect the sensitizers [19].

Although, the combine inclusion of Li" and TBP in an electrolyte
results in improve performance TiOp-based DSSCs, the V. is kept at
value because the effect of TBP on the conduction band edge of TiO, is
cancelled out by the of Li™. But V, increase through elevation of the
conduction band edge of TiO; is still desirable. Moreover, it has been
shown recently that TiO, interaction with pyridine bearing strong
electron donating groups can result interfacial charge transfer transition
(ICTT) in the visible region [20]. By extrapolation, it implies that TBP
and other Lewis bases so far used as additives in DSSC, do not produce
ICTT in the visible. Conversely, use of additives that are capable of ICTT
in the visible can be exploited in synergy with a sensitizer for
panchromatic absorption as a DDSC photoanode. The effect of adsorbed
organic additive on TiO5 provide is one of the strategies for TiO5 band
edge engineering [21,22]. Moreover, additive-TiOy complexes that are
capable ICTT in the visible region had been shown to exhibit enhanced
photocatalytic activities [23]. Therefore insights on additive structure
for achieving ICTT will be beneficial for rational design of additive-TiO,
for hydrogen production [24] and photocatalysis in general [25].

In this contribution we use DFT calculations to gain insights about
ICTT involving TiO5. We choose TBP as reference because its wide usage
in DSSC electrolytes and recently its electron donating analogues had
been shown to displayed ICTT in the visible region. Typical I" /I3 based
DSSC electrolytes consist: iodide salt, iodine, TBP, dissolved in aceto-
nitrile (or other low viscosity aprotic polar solvent). The cation of the
iodide salt is usually are Li*™ and or 1,3-dialkylimidazolium. Cationic
TBP analogues that posses combined properties of TBP and imidazolium
(or other organic cations) can serve the dual-function TBP and Li* or
1,3-dialkylimidazolium thereby leading to a simplified DSSC electrolyte
recipe. Such cationic TBP analogues will constitute electron with-
drawing counterpart to the aforementioned electron donating TBP an-
alogues. But there is yet any systematic study on ICTT of electron
withdrawing TBP analogues on TiOs. Therefore, it is desirable to inter-
rogate this information gap by examining adsorption interaction, elec-
tronic, and optical properties of the TiO,-TBP analogues (TiOo-pyd)
complexes and comment on their implications for DSSC applications.

Table 2
4-TBP analogues with strong electron withdrawing para substituents.
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4-(trifluoromethyl) 4-(1,3,4,5- 1-(tert-butyl) 1-(tert-butyl)-
pyridine tetramethyl pyrazin-1-ium  [4,4"-bipyridin]-
imidazolium)-2- 1-ium
pyridine
G H 1 J

2. Materials and methods

All computations were performed using the Orca 4.2.1 quantum
chemistry package [26]. For the adsorption studies, a TiOy cluster
[Ti;0019(OH)5] was constructed using Avogadro software [27]. Density
functional theory (DFT) and time-dependent DFT (TD-DFT) calculations
were carried out on the model TiO; cluster(total charge = 0). O3LYP
functional and def2-SVP def2/J basis set was found to give HOMO and
LUMO levels that is closest to the conduction band edge and band gap of
bulk TiO, anatase. The same functional and basis set was used for all
optimization, vibrational and optical calculations. The TiO2—pyd com-
plexes calculations were carried out according the protocol reported by
Fujisawa et al. [28]. For optimization of the complexes, optimised co-
ordinates of the atoms of the TiO, cluster were frozen, while all atoms of
the pyridine derivatives were relaxed. The frequency calculations of the
organic and TiOy-organic complex were performed in acetonitrile using
the SMD solvation model. The model uses the CPCM algorithm with
different radii to create the cavity and calculates a different
non-electrostatic contribution, the cavity-dispersion-solvent structure.
No symmetry limitations were imposed during the calculations. TD-DFT
calculation were performed using the optimised coordinate and the or-
bitals energies profile were extracted from the output file using Gauss-
Sum 3.0 software [29].

3. Results and discussion

There is no general consensus on the minimum cluster size to suffi-
ciently model the bulk properties of (TiO2),, n = oo. The guiding prin-
ciple is striking a rational balance between accuracy and computational
costs [30]. Although, one study claimed that a cluster size n = 6 is
sufficient to reproduce the band gap of bulk TiO; [31], we started with
cluster size n = 8, and explored for the functional and basis set that
reproduce the band gap of bulk TiO,. We tested GGA (BP86) and hybrid
GGAs (B3LYP, PBEO, B3PW91 & O3LYP) functionals. O3LYP gave
LUMO and HOMO energy level 4.032 and 7.692 which give a band gap
close to that of anatase TiOa(supplementary information). It also present
LUMO energy level that is close the conduction band edge of anatase
TiO,.There is no accuracy benefit in using basis set def2-TZVP def2/J
over def2-SVP def2/J. The LUMO and HOMO of the model cluster is
similar to that reported by Fujisawa et al. with n = 34 cluster size [20,32,
33]. Although B3LYP is widely in many DFT calculations, we found
O3LYP more suited in this study. There are report that show that O3LYP
compares fairly well or better in some cases than B3LYP at estimation
properties of organic molecules. Hence, we elect to use O3LYP func-
tional and def2-SVP def2/J basis set for all the calculations. We further
test robustness of the cluster model and calculation parameters by
applying it to reproduced the reported interfacial charge transfer tran-
sition of adsorbed anthroic acid on TiO5 [28]. The result obtained for
(TiO2)p, n = 1 is less convincing, but that (TiO2), n = 10 clearly
demonstrate the ICTT (supporting information).

TBP is a standard electrolyte additive in many DSSC device fabri-
cations. TBP as a Lewis base, interact with Lewis acid site on TiO,
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Fig. 1. Adsorption energy and conduction band edge shift vs Ti-N bond length of TBP analogues bearing strong electron donor.

surface. The hydrophobic tertiary butyl tail point outwards to provide
passivation cover which physically blocked access of oxidised species of
redox mediators to the TiO; surface. The adsorptive interaction caused a
negative shift of the conduction band edge of TiOs. The shift was
attributed to the dipole moment component of TBP component normal
to the TiO, surface plane [34]. The elevation of the conduction band
edge enhanced the open-circuit photovoltage (V,.) but at the expense of
decreased short-circuit photocurrent density (Js). To further in-
terrogates the TiO5-TBP interaction via Ti-N coordinate bond, we scout
for structurally similar pyridine derivatives with bulky strong electron
donating and bulky strong electron accepting substituents at the para
position. The pyridine derivatives are shown in Tables 1 and 2.

The TiOy—Pyridine derivatives complexes were optimised. For the
geometry optimization all the titanium and oxygen atoms in the model
TiO; cluster were frozen, while all the other atoms were relaxed. The
Ti-N bond lengths in the optimised complexes were obtained by visu-
alising the orca output using Avogadro software. The adsorption en-
ergies of the pyridine derivatives on TiOy where determined from
frequency calculations. As shown in Fig. 1, both the adsorption strength
of the pyridine derivatives and their effect on the extent of the negative
shift of the conduction band edge of TiO5 varies inversely as the Ti-N
bond lengths. It implies that as the electron-donating ability of the
pyridine derivatives increases the Ti-N bond becomes stronger. This is

consistent with results obtained for similar calculations on adsorption
heterocyclic molecules on TiO,. It is also in line with the report of
Fijuwara et al. [20] on the substituent effects on the adsorption density
of pyridine molecules. The extent of negative shift of the conduction
band edge of TiOy increases with increase in the electron-donating
ability of the substituents, although the effect of the electron donor
groups relative that of tertiary butyl may be considered marginal. It is
noteworthy that D stands out among the analogues.

The analogues bearing electron donating groups have shorter Ti-N
bond length compared to TBP. Conversely, the analogues bearing elec-
tron withdrawing groups have longer Ti-N bond lengths compared to
TBP. Also, the extent of negative shift of the conduction band edge of
TiO4 by the analogues bearing electron withdrawing groups are slightly
lower compared to that of TBP except for . In the outlier, ‘I’, the positive
charge is situated within the pyrazine ring which exerts mesomeric and
inductive electron withdrawing effects on the lone pair of electrons on
the second pyrazine nitrogen [35]. This weakens the basicity of the ni-
trogen for sigma electron donation into vacant orbitals of surface TiO». It
is interesting to note that despite disparity large in the Ti-N bond lengths
of ‘A’and ‘G’ vs ‘T, their adsorption energies are within a close range.
This suggests that the nature of interaction of ‘A’ and ‘G’ with TiOs is
similar and it is disparate from that of ‘I’ with TiO,. Likewise, ‘H’ and ‘J’
shares similarities in terms of nature of interaction with TiOs, which
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Fig. 2. Adsorption energy and conduction band edge shift vs Ti-N bond length of TBP analogues bearing strong electron withdrawing groups.
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Fig. 3. Frontier orbitals of TiO2, TBP and TBP analogues bearing electron donating groups.

combined fractions of the nature of interactions of ‘A’ and ‘T".

To gain more insights on the interactions of TBP analogues with the
model TiO, cluster, we examined their frontier orbitals and that of their
complexes with the TiO; cluster (Fig. 3). As shown in Fig. 3, the HOMO
of TBP and the analogues except D shows a non-bonding lone pair orbital
protruding on the nitrogen outside the aromatic ring. The electron
donating groups of the TBP analogues also consist of another non-
bonding lone pair orbital(s). These lone pairs inductively or con-
jugatively increases the electron density in the aromatic ring, destabilize
and raise the energy level of the occupied pie orbitals of the analogues.
The HOMOs A, B & C indicated high density of the non-bonding lone
pair orbitals, but it contracted in E and F and virtually absent in D. This
may be explained by the extent of conjugation of the non-bonding lone
pair orbital with the aromatic ring. The lone pair orbital of the pyridine

nitrogen in D is strongly conjugated and delocalised over the whole
molecules. As shown in Fig. 3, upon adsorption the HOMO of TiO5-TBP
complex is localised in TBP and the LUMO is localised in the TiOy
cluster, clearly indicating that HOMO-LUMO transition is an interface
charge transfer transition (ICTT). The same is depicted for the TiO,
complexes of the TBP analogues. Thus, it can be inferred that barring
steric restriction both the localised and delocalised non-bonding lone
pair orbitals can efficiently coordinate with vacant orbitals on the sur-
face of the TiO5 cluster.

The orbital diagrams in Fig. 3 do not indicate the region the ICTT will
be observed. But according to Fujisawa et al., the conditions for creating
ICTTs in the visible region are: (i) the HOMOs of the organic component
should be located within the band gap of TiOs; (ii) overlap between the
HOMOs of the organic component and the conduction band of TiOy (or
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Fig. 4. Occupied and unoccupied orbitals energies profiles of TiO,, TBP and TBP analogues bearing electron donating groups.
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Fig. 5. Occupied and unoccupied orbitals energies profiles of adsorbed TBP and TBP analogues bearing electron donating groups on TiO, cluster.

any inorganic component). Fig. 4 shows the HOMOs and LUMOs en-
ergies of TBP and the analogues relative to that of the TiO; cluster. The
figure shows that the top HOMOs of TBP and the analogues are within
the band gap of TiOq, satisfying the first condition. As discussed earlier,
replacing the tertiary butyl in TBP with stronger electron donating group
increases the electron density in the aromatic ring, destabilized and push
the HOMOs upwards in the TBP analogues. This account for higher
energies of the HOMOs of the analogues relative to that TBP. Also, the
stronger electron donating groups alters the configuration and electron
densities on the non-bonding lone pair orbital of the pyridine nitrogen.
This will influence coordination on the TiO, surface.

The degree of overlap between the HOMOs of TBP or the analogues
and the conduction band of the TiO5 cluster will depend on the prox-
imity of the respective pairs. Elevated HOMOs of the analogues are
closer to the conduction band of the TiO5 cluster than that of TBP. Thus,
the degree of overlap of the HOMOs — CB (TiO») in the TiOy-analogues
complexes are expected to stronger than in the TiO,-TBP complex. The
resulting orbitals energies profiles of the complexes are shown in Fig. 5.
The profiles show raised conduction and valence band edges in TiOg-
TBP complexes relative to that of the TiOy cluster. The shift of the

conduction band edge is higher than the valence band edge shift. Thus,
resulting in increase in the band gap of the TiO,-TBP complex compared
to bare TiO,, and restricting the ICTT here to the UV region. In the
profiles of the TiOz-analogues complexes, the conduction band edge
shifts are nearly the same as in the TiO,-TBP complex, however, the
conduction band edge shifts are higher and even show one or more in-
termediate occupied level within the band gap. The gap between the
intermediate levels and the raised conduction band are in the visible
region. Hence, transitions from the intermediate occupied levels of the
TiOs-analogues complexes to the raised conduction band will result in
ICTT in the visible region. Therefore, the second condition for ICTT in
the visible region is not as simple as stated by Fujisawa et al., the overlap
between the HOMOs of the organic component and the conduction band
of TiO; resulted in creation of intermediate occupied level within the
band gap of the TiO,-organic complex.

Fig. 6 shows the frontier orbitals of the TBP analogues bearing
electron withdrawing groups. As observed for the analogues with elec-
tron donating groups, the non-bonding lone pair electron on the nitro-
gen in the pyridine ring. In contrast to the electron donating, the
electron withdrawing group inductively and or conjugatively decreases
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Fig. 7. Occupied and unoccupied orbitals energies profiles of TiO,, TBP and
TBP analogues bearing electron withdrawing groups.

the electron densities of non-bonding lone pair orbital. This reduces the
electron densities for coordination with vacant orbitals on the surface of
the TiOs cluster. It is also consistent with the longer Ti-N bond lengths
and the decreased extent of shift of the TiO2 conduction band edge

obtained for the complexes of the electron withdrawing analogues
relative to those of the electron donating ones. As state earlier from
Fig. 2, H and J have adsorption energy and Ti-N bond lengths that are
comparable to those obtained for some electron donating analogues in
spite of the reduce electron density on the lone pair orbital for coordi-
nation with TiO,. This may be attributed to contribution from the
occupied pie orbitals of these analogues to the coordination with TiO,.
This is especially corroborated by high density of pie orbital contribu-
tion to the HOMO of H. The HOMO and LUMO of G resides in the TiOq,
suggesting no ICTT in G. however, the HOMO of H resides in the imi-
dazolium ring while the LUMO is localised in the TiO; cluster, indicating
ICTT can occur in H. The HOMO of J is localised in the TiO5 while its
LUMO is delocalised between TiO; cluster and the analogue. This de-
picts a transition toward reverse ICCT. And in the case of I, a clear-cut
reverse ICTT can be invoked because the HOMO is localised in the
TiO; cluster while the LUMO is localised in the cationic molecule.

As shown in Fig. 7, the HOMOs and the LUMOs of the electron
withdrawing group bearing analogues are more stabilised relative to
that of TBP. Their HOMOs and the LUMOs energy levels are deeper
compared to that of TBP. The HOMOs are far from TiO5 conduction band
edge and thus preclude them from requirement of being situated within
the band gap of TiO,. This implies they are unable to satisfy the con-
ditions for creating ICTT in the visible region. It is worth noting that the
LUMO levels of I and J, are sufficiently close and can efficiently overlap
with the conduction band edge of the TiO; cluster. So, when the LUMO
level of an adsorbate is close or deeper than the conduction band edge of
TiO5 (or inorganic semiconductor) overlap is likely to take place. This
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Fig. 8. Occupied and unoccupied orbitals energies profiles of adsorbed TBP and
TBP analogues bearing electron withdrawing groups on TiO, cluster.

overlap accounts for the observed reversed ICTT for I in Fig. 6. Instead of
intermediate occupied level with the band gap, an intermediate unoc-
cupied level is created below the conduction band edge in the TiOy-1
complex (Fig. 8). The absence of overlap between the HOMOs of G & J
and the conduction band of the TiO; cluster is confirmed in the orbitals
energies profiles of the complexes as depicted in Fig. 8. Despite not
satisfying the requirement of have HOMO levels with the TIO, band gap,
TiO2-H complex produce an intermediate occupied level which can
enabled ICTT in the visible. This is attributable largely to the strong pie
donation from the imidazolium ring to the TiO2-H coordination. The
results revealed that H is similar to N-ethyl-N,N-dimethylpyridin-4-
aminium reported by Zhang et al. [36] as an economical and green
electrolyte component, which performed dual functions as iodide salt
and passive film that suppressed charge recombination. In addition to
these dual functions, H is capable ICTT in the visible region, thus, pos-
sessing three combination of attributes that are beneficial for simplified
DSSC electrolyte recipe and enhanced device performance.

4. Conclusion

We examined adsorption of 4-TBP and its analogues on a model TiO,
cluster using DFT calculations. Adsorption of 4-TBP on TiOy cause a
negative of the conduction band edge of TiO5. Our results showed 4-TBP
is capable of ICTT upon adsorption on TiOs, albeit, in the UV region.
When the tertiary butyl group in 4-TBP is replaced with stronger elec-
tron donation groups, adsorption of these analogues on TiO5 produced
ICTT in the visible region. No ICTT was indicated when strong electron
withdrawing 4-TBP analogue. In contrast, reversed ICTT was implicated
for a cationic 4-TBP analogue. Our results showed that para substituted
pyridines are capable of ICTT from visible to UV region, no ICTT and
even reversed ICTT depending on the nature of the substituted group.
Notably, interaction of TiO-H complex (H = 4-(1,3,4,5-tetraalkylimi-
dazolium)-2-pyridine), is capable of ICTT in the visible region. H-iodide
can served not only as iodide electrolyte, it can also form passive film
that can suppress charge recombination. This one component perform-
ing three roles will simplified DSSC electrolyte recipe and enhanced
device performance. This study revealed there is a broader scope for
selection of additives for improving the performance of DSSCs.
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