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To gain a deeper understanding of the underlying charge processes in dye sensitized photocathodes,
lateral electron hopping across dye-sensitized NiO photocathodes was investigated. For dye-sensitized
systems, hole hopping across photoanodes has been studied extensively in the literature but no
expansive studies on electron hopping in sensitized photocathodes exist today. Therefore, an organic p-
type dye (TIP) with donor-linker—acceptor design, showing high stability and electrochemical reversibil-
ity, was used to study the electron transfer dynamics (electron-hopping) between dyes with temperature
dependent spectroelectrochemistry and computational simulations. Besides intermolecular electron-
hopping across the surface with a rate constant in the order of 10° s7%, our results show a second
electron hopping pathway between NiO surface states with a rate constant in the order of 107 7,
which precedes the electron hopping between the dyes. Upon application of a potential step negative
enough to reduce both the dye and NiO surface states, the majority of NiO surface states need to be
reduced before intermolecular electron transfer can take place. The results indicate that, in contrast to
sensitized photoanodes where intermolecular charge transfer is known to influence recombination kinetics,
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intermolecular charge transport processes in TIP dye sensitized NiO photocathodes is less relevant because
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Introduction

In the wake of global warming, which impacts not only the
climate™? but also aggravates global inequality,®* the sun has
been identified as one of the most promising alternative energy
providers to fossil fuels. To exploit its vast availability, the sun’s
photons first need to be transformed into energy-rich charge
carriers which can either be used directly as electricity or stored
in the form of a chemical bond, a so-called solar fuel or other
chemicals.

One approach for solar energy conversion and storage is dye-
sensitized solar cells (DSC) or dye-sensitized photoelectro-
chemical cells (DS-PEC) which are utilizing molecular
photosensitizers (dyes) in combination with mesoporous wide
band-gap semiconductors. The photosensitizers are anchored
on the semiconductor surface® and in the case of DS-PECs,
catalysts for a desired reaction (e.g. water splitting) can be
additionally introduced.®’” They provide a low-cost strategy that
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the fast electron transport between NiO surface states likely dominates recombination kinetics.

is based on earth abundant materials, especially if organic dyes
are used instead of heavy-metal (such as ruthenium) containing
photosensitizers, making their resource limitations less critical
than for other solar conversion technologies.®° As solar con-
version efficiencies still remain challenging, especially for
p-type (photocathode) devices, understanding the underlying
charge transfer processes, such as electron transfer, is not only
a question of scientific curiosity but a necessity for developing
more efficient devices in the future.

In the conventional understanding of such devices, the
excited dye injects a charge into the semiconductor before the
corresponding redox equivalent remaining on the dye is (i)
regenerated by the electrolyte, generating an electric current or
(ii) transferred to the catalyst, driving the reaction for solar fuel
production.'®'! However, if there is a strong electronic cou-
pling between the molecular photosensitizers, lateral charge
hopping across the semiconductor surface can take place.'?
This hopping process has been studied extensively for photo-
anodes with TiO, as mesoporous metal oxide film, both direct
dye-to-dye hopping as described by Marcus theory"*'* and with
diffusional mediatiors."®™"” For photoanodes, the photosensitizer
injects an electron into the n-type semiconductor, leaving a hole
behind which can undergo lateral intermolecular charge transfer.
This hole hopping process has been studied for various dyes, both
with electrochemical™®'* and photo-induced'®2° hole transfer,
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and revealed that hole hopping can be both advantageous and
deleterious. For example, it can be exploited in a more unconven-
tional electrolyte-free DSC to transfer redox equivalents across a
sensitized electrode, leading to charge transport between the two
electrodes in the device.?* Furthermore, lateral hole transfer has
been shown to aid in the accumulation of charge carriers on a
single catalytic site which is necessary for many reactions, such as
water oxidation.'®*> At the same time, if the charge hopping is
fast, studies of dye sensitized TiO, have revealed that recombina-
tion with injected electrons in the semiconductor proceeds more
rapidly.>*** From all of these studies, it can be concluded that
intermolecular charge hopping can affect the overall performance
of the resulting devices.

In contrast to the n-type analogue, the lateral charge hop-
ping between dyes on photocathodes, for which NiO is typically
chosen as p-type semiconductor, has not been investigated as
extensively though electron self-exchange has been proposed as
a mechanism in H,-evolving photocathodes by Hammarstrom
and coworkers.>*?® Kaeffer et al. observed electrochemically
induced lateral catalyst electron transfer for a cobalt-diimine
catalyst across a NiO photocathode.”” However, it is still
unknown if an electron hopping process between the photo-
sensitizer could exist alongside other charge transfer processes
at the interface, such as charge recombination between the
reduced dye and the p-type semiconductor or the regeneration
of the dye by the redox couple in the electrolyte. Furthermore,
NiO has been shown to have a more complex nature than TiO,:
NiO exhibits a much higher density of trap states and complex
electronic states. These so called “surface states” are complex
in nature and not fully understood and this work does not aim
to solve the nature of these states but instead investigate the
electron hopping processes in NiO photocathodes. Though the
two redox signatures visible in cyclic voltammetry that have
been assigned to these states have been studied with XPS in
vacuum in the past and proposed to be Ni** and Ni*" states of
various possible higher valence nickel oxide hydroxide and
nickel hydroxide species,”® Flynn et al.> assigned them to be
Ni vacancy defect states. D’Amario et al. have proposed at least
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two different kinds of surface states that act as shallow and
deep traps and connected them to higher valence Ni states.***"

In combination with their complex nature, the presence of
these surface states has been shown to have an impact on the
sensitized photocathode performance since they can act as
recombination centers,*” and are suggested to be involved in
the working principle of p-type DSCs and in solar fuel devices
for dye regeneration and electrolyte catalysis.>® Therefore, it
remains unclear if the surface states of NiO could also have an
impact on a possible lateral electron hopping process between
the photosensitizers. Understanding these processes could
help us to further improve the performance of photocathodes
for solar cells and solar fuel devices.

In order to study the intermolecular electron hopping across a
dye sensitized photocathode, we used the organic TIP dye** and
mesoporous NiO film, the most popular p-type semiconductor for
photocathodes, as a model system (Fig. 1). The TIP dye exhibits
the donor-linker-acceptor design, which is a common design
strategy to reduce charge recombination through intramolecular
charge separation between the donor and acceptor unit, leaving
an electron behind on the acceptor unit after hole injection into
NiO.** TIP shows high stability and electrochemical reversibility,
as well as high molar extinction coefficient in the visible region,
which offers us an ideal model to track optical changes upon
electrochemical reduction for this electron hopping study.

Method

Lateral electron hopping in a dye-sensitized mesoporous NiO
film was studied with spectroelectrochemistry, which has
become a well-established method to assess the diffusion of
charges across a surface.'®>*3%*% Upon application of a nega-
tive potential to reduce the sensitizer, the change in absorption
over time of chosen spectral features were monitored. From the
extracted kinetic traces, an apparent diffusion coefficient Dy,
can be determined from analysis with the Cottrell equation,
which typically relates the charge exchanged with an electrode
film over time.*>*° However, for electrochromic films, where
the change in absorption is proportional to the charge passed,

Fig. 1 Schematic picture of the investigated system with sensitized NiO, where the reduced dye is depicted in blue, undergoing electron hopping. The

organic photosensitizer TIP has a donor—linker—acceptor design.
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(A) Schematic illustration of the sensitized NiO film upon application of a potential step during spectroelectrochemistry experiment. (B) Electron

self-exchange (hopping) between two dye molecules where the involved acceptor part is highlighted and the reorganization of the solvent and ion
distribution is illustrated. (C) Energy diagram for electron self-exchange according to Marcus Theory, where the rate constant depends on the free-

energy barrier (AG¥) and the electronic coupling (Hag).

the Cottrell equation can be used to relate the change in
absorption AA to the apparent diffusion coefficient D,y
throughout the film with a thickness d, where A4y is the final
or rather maximal possible absorbance change, as it is only
valid in the limit of AA < AA; (eqn (1))."°

A4 2\/1Dyy n
A4y dym

A schematic illustration of the hopping process across the
film during spectroelectrochemistry is given in Fig. 2A. A typical
visualization of the results from this type of experiment is
plotting the measured change in absorption versus the square
root of time, in an Anson plot.*"** The apparent diffusion
coefficient in the film, D,pp,, can then be extracted from the
slope of the initial region, since the mesoporous film has a
finite thickness. This is because the equation was derived using
semi-infinite diffusion boundary conditions for molecules able
to diffuse away from the surface of an electrode.'*'**® How-
ever, for sensitized mesoporous films, the molecules are bound
to the thin film with a finite thickness, meaning they do not
adhere to this boundary condition and the data deviates from
the predicted linear relationship. Therefore, once the frontline
of reduced molecules reaches the outer edge of the film, the
absorption change becomes time-independent.'” Despite this
deviation, it has been shown in the literature that the predicted

29852 | Phys. Chem. Chem. Phys., 2022, 24, 29850-29861

linear relationship is maintained even for sensitized films for
approximately the first 60% of total absorption change.'*%38

The values of D,p, determined from the slope of the fitted
linear region in Anson’s plots could then be used to extract the
hopping frequency of charges between molecules on the surface.
Considering a uniform arrangement of dyes with a constant
intermolecular distance J, D,p, can be expressed with eqn (2),
which describes a n-dimensional transport processes** depending
on the intermolecular distance where &y, is the first-order self-
exchange rate constant, in this study called the hopping rate k.

2
o )

For electron transfer reactions, Marcus theory is well established
as a common theory to describe the rate of charge transfer rate
constant k between molecules. The general expression for the
transfer rate constant is given in eqn (3), where Hg is the electronic
coupling between the electron donor and electron acceptor, 4 is the
reorganization energy and the difference in free energy between the
equilibrium states of products and reactants is AG°.

o 2
2 (AG 2
- M‘{( Ty T) @)
h \/AnlkgT

In the case of electron self-exchange, the electron
transfer rate describes the hopping between two identical
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molecules, with AG® = 0, simplifying the equation, as shown in
eqn (4).

21 |Hagl* e
khop = —————e 48T 4
N N T @)

The reorganization energy is the energy required to reorga-
nize the molecular conformation (inner reorganization energy)
and the surrounding medium (outer reorganization energy)
to their product conformations but without transferring the
electron. For a self-exchange, this is just the vertical energy
difference between the reactant and product states at the
reactant equilibrium reaction coordinate (Fig. 2C). Then the
activation free energy AG* = //4, and represents the energy of a
compromise nuclear configuration where the reactant and
product states are isoenergetic. The reorganization of the
solvent during the hopping process is illustrated in Fig. 2B.

In contrast to molecules in solution, that can move freely
and are expected to form an ‘“‘encounter complex”, immobiliza-
tion of the dyes on the surface restricts molecular motion, which
is why nonadiabatic electron transfer (see Fig. 2C) with very weak
electronic coupling is assumed for sensitized films, meaning Hup
< kgT."™"® However, it has been hypothesized that adiabatic
pathways may be possible upon dye aggregation.**

Through temperature dependent measurements of the
charge transfer rate, the reorganization energy associated with
electron hopping between the dyes on NiO could be determined
by using the Marcus theory to model the data determined
experimentally.

Results and discussion
Investigated system

Surface area and properties of the NiO film play a key role in
dye-sensitized photocathodes. For this study, NiO films were
prepared via screen printing to ensure high reproducibility
between films. The film thickness on FTO-glass was deter-
mined to be 1.1 pm with an estimated surface area of Aggy =
73 m”> em® and an approximate porosity of 40% (see ESI} for
further information). The pristine NiO films were sensitized
with the donor-linker-acceptor organic dye, TIP, which consists
of a triphenylamine donor moiety, indacenodithieno[3,2-b]-
thiophene (IDTT) linker unit and perylene monoimide (PMI) as
acceptor (Fig. 1). The donor-linker-acceptor design, especially
with PMI as acceptor and triphenylamine as donor, of the
chosen TIP dye is common for p-type organic photosensitizers
as the intramolecular charge separation has shown to be
beneficial.****™*” The ground state absorption of pristine NiO
films and sensitized NiO films, abbreviated as NiO and NiO-TIP
respectively, immersed in 0.1 M TBAPF,/acetonitrile are shown
in Fig. 3. This shows two primary absorption features of the TIP
dye at 440 nm and 530 nm. The dye loading determined from de-
loading of sensitized films revealed a good surface coverage on
the NiO films of 75 pmol cm™?, which corresponds to an average
surface area occupied by one TIP molecule of approximately
155 A2, Therefore, we conclude that the sensitized NiO thin films

This journal is © the Owner Societies 2022
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Fig. 3 Steady-state absorption spectrum of NiO and NiO-TIP films
immersed in 0.1 M TBAPFg/acetonitrile, a photograph of the two types
of films are shown in the inset.

in this study are typical for those in the literature for organic dye-
sensitized photocathodes for solar cells and solar fuels.

Cyclic voltammetry of the sensitized NiO films showed a
half-wave reduction potential of TIP of E;,, = —1.21 V vs. Ag/
AgNO; and good reversibility as well as stability (ESI,{ Fig. S1).
This is important as the molecules have to be stable and stay
attached to the NiO surface during the measurements.

Intermolecular electron transfer at the sensitized NiO interface

In the general understanding, obtained from studies of hole
hopping on n-type semiconductors or insulating metal oxides,
the hopping process for hole hopping can be (i) light-induced,
where an electron is injected into the semiconductor, thus
leaving an oxidative equivalent (hole) behind or (ii) electro-
chemically where the photosensitizer is initially oxidized by the
FTO surface with a suitable positive potential.*® For organic
donor-linker-acceptor dyes such as TIP, intramolecular charge
separation upon excitation happens between the donor and
acceptor unit in the dye and a hole is injected into NiO from the
donor, leaving a negative charge behind on the acceptor unit
which can then possibly undergo electron hopping.

To study the electron hopping between dyes, first, the
behavior of the dye on a pure insulator such as ZrO, was
investigated with electrochemically induced electron hopping
with a negative potential. Sensitized ZrO, films were used as a
working electrode in spectroelectrochemical measurements
with a 0.1 M TBAPF, acetonitrile electrolyte. A potential step
of 100 mV more negative than E;, of the first reduction
potential of TIP was chosen, at Esgc = —1.31 V vs. Ag/AgNO;
(ESL{ Fig. S1), ensuring efficient reduction, while maintaining
good dye stability on the film. This resulted in the reduction of
surface-anchored photosensitizers, showing that TIP can
undergo electron hopping. As the LUMO of the TIP dye is
located on the PMI acceptor unit,>* we assume the electron
hops between PMI subunits of the dyes, as schematically
visualized in Fig. 2B. The difference absorption spectrum of
ZrO,-TIP upon reduction revealed a bleach at 530 nm and three
emerging spectral features at 655 nm, 753 nm and 837 nm
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which can be allocated to the absorption of reduced dye
emerging throughout the film (Fig. 4A). Since the absorption
feature at 440 nm, which can be allocated to the absorption of
the IDTT subunit of the TIP dye, exhibits no significant change
after the potential step, it can be concluded that the negative
charge is mainly located on the PMI acceptor subunit (which
has a characteristic absorption feature around 545 nm) and
that the other units of the dye are not completely involved in
the electron hopping process. The emergence of one isosbestic
point at 585 nm shows the sole formation of one species,
the reduced TIP (TIP* ). Complete reduction of all TIP seems
to be achieved by the end of the measurement. This can be
concluded from the absorption spectrum of the dye where the
absorption of the film is subtracted, as this reveals a Gaussian
peak at 627 nm, meaning no contribution of the initial 545 nm
TIP absorption feature is maintained (ESI,T Fig. S3-S5). This
supports our hypothesis that nearly all dyes are accessible and
that the films are uniformly covered.

Equivalent measurements for sensitized NiO films (abbre-
viated as NiO-TIP) were carried out to study the electron
hopping at the sensitized NiO interface. In the obtained differ-
ence absorption spectrum for NiO-TIP, a shift in wavelengths
could be observed most noticeably for the 530 nm and 655 nm
features compared to ZrO,-TIP (Fig. 3B). More strikingly, an
obvious baseline shift could be also observed, which shifted the
isosbestic point towards a negative value. The absorption
feature at 0.1 s matches the change in absorption connected
to the reduction of NiO surface states, which shows a bleach in
the full visible range and displays a peak around 500 nm (ESI,{
Fig. S6). The electrochemical reduction behavior of NiO is
consistent with previously published results.*®

Even though NiO is a p-type semiconductor, and not an
insulator like ZrO,, the applied potential step lies within the
band gap of the material, which means it should act just like an
insulator in the range of the potential step, and one could
expect that electron hopping only involves the dyes. However,
NiO has surface states within the bandgap,’’***® and it is
known that NiO surface-associated states can be reduced
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electrochemically, which manifests in a visual bleach of the
NiO films. This creates an overlap of spectral changes due to
NiO surface state reduction and to TIP reduction throughout
the film, especially just after the potential step was applied. The
shift of wavelengths of TIP absorption can therefore primarily
be explained by the underlying baseline shift from the
reduction of NiO with its peak around 500 nm that shifts the
530 nm and 655 nm features of TIP towards shorter wave-
lengths. The absorption features at 753 nm and 837 nm of TIP
are not shifted as much, because the bleach of NiO surface
states shows no distinct peak in this region but rather a flat
bleach. It should be noted that differences in magnitude in the
difference absorption spectra between ZrO,-TIP and NiO-TIP
can be attributed to the difference in film thickness and dye
loading. However, since the isosbestic point is maintained and
the spectrum just after the potential step shows no contribu-
tion of TIP* ™, this is evidence that the reduction of NiO surface
states could take place before the reduction of the photosensi-
tizer in the experiment instead of simultaneously which is
unexpected.

In order to understand the NiO contribution in sensitized
NiO films, single wavelength kinetic traces at 837 nm were
recorded. At this wavelength, the dye shows only a rise and the
NiO film displays a flat bleach band. This revealed that for
pristine NiO films at room temperature, it takes <1 s until the
majority of surface states in the film become reduced, reaching
a stable equilibrium shortly after the potential step, as shown
in Fig. 5A. From the single wavelength kinetic trace of NiO-TIP,
it is also clear that the rise due to the formation of TIP*~ only
starts after a time delay with respect to the potential onset due
to the reduction of NiO. This suggests that upon the onset of
the reductive potential step, NiO surface states are first reduced
before the electron hopping process occurs between dyes,
which then happens much in the same fashion as for dye-
sensitized ZrO, films, as the isosbestic point remains and
appears with a time delay.

This unexpected possibility of two subsequent processes,
where NiO is first reduced before TIP starts being reduced

B .
0.4] Nio-TP 630 -1.31V vs Ag/AgNO,
0.2
5 0.0 ——— |

0Os
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Fig. 4 Time resolved spectroelectrochemistry (SEC) measurements showing the difference absorption spectra recorded before and after a potential
step of —1.31V vs. Ag/AgNOs3 at room temperature for (A) ZrO,-TIP and (B) NiO-TIP films in 0.1 M TBAPFg acetonitrile.
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(A) Kinetic traces with a time resolution of 33 ms showing the absorption change at 837 nm with time, of various films on FTO in 0.1 M TBAPFg in

acetonitrile upon applying a potential step of 100 mV more positive than the dye E;,, (TIP/TIP7). (B) Anson plots of NiO and TIP sensitized NiO obtained
from spectroelectrochemical measurements with the same potential step as in (A). The shaded areas illustrate the error and the overlaid linear fits are fits

to the Cottrell equation for the initial 60% of total absorbance change.

through an electron hopping process, was further investigated
with surface passivated NiO films. Reports have shown that NiO
surface states or other NiO associated states are involved in the
regeneration of dyes and electrolyte,® and it was important to
confirm that NiO surface states do not act as possible dye
reduction sites, which is not to be expected. For this, Al,0;-
passivated NiO films by atomic layer deposition were prepared,
(abbreviated as NiO-Al,0;) since surface passivation through
a Al,O; monolayer has been shown to significantly remove
NiO surface states.*®>° The obtained single wavelength kinetic
traces of NiO-Al,O; and NiO-Al,O5-TIP at 837 nm are shown in
Fig. 5A. As expected, no change in absorption for the NiO-Al,0;
films was observed, as the majority of surface states were
passivated and can no longer be reduced electrochemically.
The kinetic trace of NiO-Al,O;-TIP also reveals that the hopping
process between TIP molecules is largely unaffected by surface
passivation of NiO, and that after the reduction of NiO in NiO-TIP
the kinetic traces of NiO-TIP and NiO-AlL,O;-TIP match (see
Fig. 5A), providing further evidence that NiO reduction occurs
swiftly and before TIP reduction. Additionally, the combination of
the NiO kinetic trace and NiO-Al,O;-TIP trace in Fig. 5A does not
result in the same trace as NiO-TIP which underlines the fact that
the NiO reduction and TIP dye reduction do not happen simulta-
neously but consecutively. To verify FTO as the starting site of
electron hopping, e the effect of a NiO blocking layer was
investigated which was deposited between FTO and mesoporous
NiO. A 100 nm thick compact NiO blocking layer was sputtered
onto the FTO surface before deposition of mesoporous NiO
and dye sensitization. A much slower reduction process of the dyes
through the whole film was observed (Fig. S7, ESIt), indicating that
the interaction between dyes and FTO sites are key in the reduction
of sensitized films through electron hopping. The bleach attributed
to the NiO surface state reduction seemed unaffected by the
addition of a blocking layer. In conclusion, blocking the FTO

This journal is © the Owner Societies 2022

surface underneath the sensitized NiO film proved that FTO is
the origin of surface mediated intramolecular electron hopping.
Therefore, the electron hopping process for sensitized NiO films
with reduced or passivated surface states follows the conventional
mechanism for intermolecular charge hopping on other metal
oxides.

Taking the underlying spectral change of NiO surface
changes into account, Anson Plots for dye sensitized NiO films
could be extracted from the spectroelectrochemical data. For
this, the most bathochromic absorption feature of TIP*~ at
837 nm was selected, where the spectral change in NiO shows a
flat feature. By accounting for the baseline drop at >1000 nm
(see ESILt Section S5), intermolecular hopping rates could be
extracted from the normalized and time resolved absorption
changes at singular wavelengths. Fitting the linear first 60%
of the total change to the Cottrell equation (eqn (1)) gives the
apparent diffusion coefficient D,p,, at room temperature for
intermolecular electron hopping across the NiO-TIP film (Fig. 5B).

From the apparent hopping constant through the film D,
the hopping rate k., was calculated with eqn (2), which
describes an n-dimensional transport processes depending on
the intermolecular distance 6.*>*" In contrast to the literature
where the intermolecular distance was estimated through
porosity, surface coverage and film thickness,'*?° we calculated
the average distance between TIP dyes directly from the
BET surface area of the films and determined dye loading from
de-loading experiments with eqn (5).

5 \/ANiO.BET X Afitm X dfilm 5)

Npye X NA

where ¢ is the mean intermolecular distance between dyes,
Anio,pe 18 the surface area of NiO determined with BET per 1
em?® of NiO film and Ag, is the area of the individual device,
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Fig. 6 The distribution of TIP dye molecules on an ideal NiO surface (A) in the presence of solvent, (B and C) in the absence of solvent.

with a NiO thickness of dgm, for which de-loading was per-
formed (Glass-FTO-NiO stack), yielding nipy.. N, is Avogadro’s
constant.

This yielded an experimental determined average center-to-
center distance between the TIP dyes of approximately 12 A on
the NiO film (see ESIT for more details). These intermolecular
distances are comparable with the values reported for TiO,
sensitized films."*%>?

Theoretical modelling of the TIP dye molecules on the NiO
surface was obtained by optimization using a MM3 force field,
as shown in Fig. 6. Fig. 6A shows the optimized structure in
the presence of solvent (acetonitrile). Fig. 6B and C show the
TIP dye molecules adsorbed onto the NiO surface replacing
the adsorbed solvent. From these images, we can deduce that
the TIP dye molecules are adsorbed perpendicularly to the NiO
surface in the presence of acetonitrile. The typical inter-
molecule distances are in the range 11.7 A to 12.0 A, which is
close to the average distance obtained from experiment.

In the literature on hole hopping on metal oxide surfaces,
the dimensionality is typically assumed to be n = 3'**° which
means that a charge at any point has the possibility to move
freely in all three dimensional directions, with the same prob-
ability. Vaissier et al.>® have estimated the effective diffusion
coefficient across a randomly oriented surface by combining a
two dimensional hopping rate with an estimated surface diffusion
coefficient. This yielded a result similar to the standard result for
hopping within a three-dimensional lattice. However, they also
noted that n is likely lower in reality due to film geometry and
defects, the tortuosity of the surfaces, constricted interparticle
connections and incomplete connectivity between dyes. In reality,
the effective diffusion coefficient across surfaces in a mesoporous
3-dimensional structure lies likely somewhere between n =2 and n
= 3. We have therefore reported the extracted hopping rates for

both n = 2 and n = 3. The results are summarized in Table 1. One
can see that there is no significant difference in hopping rates
between two-dimensional and three-dimensional models.

To further study the electron hopping between the TIP dyes
on the NiO surface, time-resolved spectroelectrochemistry was
performed in the range of 272 K to 303 K. The obtained
apparent electron diffusion coefficients at various temperatures
from the individual Anson’s plots are shown in Fig. 7. The data
was fit to the expression of a thermally activated process with
eqn (6), where E,, is the activation energy.

7Euct
Dypp = Doe k8T

(6)

This allows for an estimation of the activation energy E,. for
the electron hopping between the TIP dyes. Furthermore, the
reorganization energy for the intermolecular charge hopping
can also be extracted from the temperature dependent apparent
diffusion coefficients, as they can also be expressed as tempera-
ture dependent electron hopping rates. These can be fitted to the
expression of non-adiabatic electron self-exchange (hopping) rates
according to Marcus theory (eqn (4)). The results for both fits (Fig.
S10, ESIt) are summarized in Table 2. The reorganization energy
(4) is itself temperature dependent, but molecular solvent models
and experimental data in acetonitrile suggest only ca. 5% variation
in 2 over the temperature interval studied here.>*

Since the difference in hopping rates for 2D and 3D diffu-
sion is just a factor and corresponds to the same apparent
diffusion constant, the determined reorganization energy is the
same for both hopping orders. The value for the reorganization
energy for the intermolecular electron hopping for the TIP dye
obtained from temperature dependent spectroelectrochemistry
measurements is relatively high with 1.77 eV in comparison
to the reported values for n-type dyes in the literature (up to

Table1l Charge transfer parameters experimentally determined for different dye sensitized NiO films and pristine NiO films. The intermolecular distance
was calculated through eqn (5) and the apparent diffusion coefficient and hopping rates both at room temperature were determined from the
spectroelectrochemistry measurements shown in Fig. 5B. For the hopping rates, three- and two-dimensional hopping across the surface was considered

Eij5 (V vs. Ag/AgNO;) Dapp (M s71) 5 &) Knop (s™") forn =3 Knop (s ) forn=2
TIP 1.21 8.0 1.2 x 10 1241 3.6 £ 1.5 x 10° 2.4+ 1.2 x 10°
NiO surface states — 1.8+ 0.6 x 107 *2 5.3 £0.5 3.9+ 1.1 x 107 2.6 £ 0.9 x 107
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Fig. 7 Temperature dependent values of the electron apparent diffusion
coefficient (D,pp) extracted from spectroelectrochemistry performed on
TIP sensitized NiO films on FTO in 0.1 M TBAPFg in acetonitrile. Linear fits
of the data allow determination of the activation energy and reorganiza-
tion energy.

Table 2 Charge transfer parameters experimentally for dye sensitized
NiO films. The reorganization energy A, the activation energy E,. the
effective electronic coupling Hag Were determined from the temperature
dependent Spectroelectrochemistry measurements shown in Fig. 7. For
the electronic coupling, three- and two-dimensional hopping across the
surface was considered

Hpg (meV) Hpg (meV)
Dye Jeexperimental (€V) Eyee (MeV) forn=2 forn=3
TIP  1.77 £ 0.16 444 + 46 33+ 14 40 + 14
1.54 eV for D131, an indoline based organic dye)."*"* However,

it has also been found that for hole hopping, the size of the
HOMO is affecting the reorganization energy, where a more
delocalized system exhibits lower reorganization energy.'* For
electron hopping, it is likely that the LUMO plays a role, which
for TIP is localized on the perylene monoimide acceptor unit,**
and makes up a comparably small part of the dye and should be
located furthest away from the surface in the electrolyte, as
visualized in Fig. 2B. Bangle et al.>® have also shown that the
reorganization energy increases for molecules with a variable
bridge unit if the interfacial electron transfer occurs further away
from the electrode surface and that the solvent reorganization
increases to bulk values when the transfer happens outside of
the electric double layer. As the TIP dye is a relatively large
photosensitizer and electron hopping is assumed to take place
between the PMI subunit, it is possible that the relatively large
distance to the NiO surface influences the reorganization energy
and that lateral electron hopping may even occur outside of the
electric double layer. Considering the size of the LUMO and
overall size of the molecule, a large outer-sphere reorganization
energy is to be expected, especially in a very polar solvent, such
as acetonitrile or electrolytes that are typical in DSSCs and is in
agreement with the experimentally observed value.'**

This journal is © the Owner Societies 2022
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Theoretical calculations of the rate constants of electron
hopping between TIP dye molecules were carried out based on
Marcus theory,’®>” using eqn (4). The electronic coupling (Hyg)
of electron hopping between TIP dyes in this context is taken as
the coupling between the lowest unoccupied molecular orbitals
(LUMOs) of the TIP molecules.

The electronic coupling and rate constants of electron hop-
ping between the TIP molecules using the reorganization
energy obtained from the theoretical estimation, 0.17 eV, and
from experimental results, 1.77 eV, respectively were calculated
using semiempirical density function theory with snapshots
extracted at every 0.05 ps with a total simulation length of
300 ps (figures in ESIf). It is clear that the experimental
reorganization energy is considerably higher than that obtained
from theoretical calculations. This indicates that the real-life
reorganization is affected considerably by the chemical
environment of the TIP molecules, and that an ideal model
consisting of two TIP molecules is too simple to mimic reality
in this system. The environmental effects may for instance
involve the adsorption interaction with the NiO surface and
possibly dye aggregation. In any case, most likely the experi-
mental reorganization energy represents a better estimate to be
used in the evaluation of the dynamical rate constants. The
dynamic electronic coupling with respect to electron hopping
between the TIP molecules as obtained from the ADF calcula-
tion ranges from 10> ~ 23.4 meV. The dynamic rate constants
of electron hopping using the theoretical reorganization energy
of 0.17 eV range between 107 ~ 4.23 x 10" s™'. However, if
instead the dynamic rate constants of electron hopping are
evaluated using the experimental reorganization energy of
1.77 €V, a range of 4.6~ 2.5 x 10° s~ is obtained with a
weighted average of 2.4 x 10" s~ ', The latter estimate is more
consistent with the rate of electron hopping obtained from
experiment, 3.6 x 10° s~'. Yet, there is a difference and the
slightly larger electron hopping rates indicated by the experi-
mental results may offer some information regarding devia-
tions from ideality regarding hopping pathways in the two-
dimensional film formed by the TIP molecules. Making an
analogy to the reduction of diffusion in porous materials
because of tortuosity, one can make estimates of the formal
porosity in terms of effective diffusion or hopping pathways
available to a single TIP molecule in the two-dimensional film.
Such estimates indicate a porosity around 15%, which means
that the available pathways of electron hopping only is in the
order of 1/7 with respect to an ideal dye film and thus that the
defect density is quite high. More details of the porosity
estimate are given in the ESL}

Beside the intermolecular electron hopping between dyes
immobilized on the NiO surface, the reduction of NiO surface
states was also investigated. As bulk NiO is not electron con-
ductive, it was assumed that the mechanism for reduction is
electron hopping on the NiO surface between surface-
associated states. For this, ms-time resolved single wavelength
kinetic traces at 520 nm and 837 nm were recorded for pristine
NiO films, utilizing the electrochromic behavior related to
these surface states.*® As the kinetic behavior was the same,
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only the 837 nm traces are shown in Fig. 5B. The kinetic traces
were fitted and D,p, was extracted. To obtain the distance of
states for calculation of the electron transfer rate between NiO
surface states, the density of states (DOS) on the surface was
determined from the cathodic part of the CV curve of pristine
NiO (Fig. S9, ESIt). This yielded a concentration of surface
states on the NiO surface of 3.4 nm™>, or an average distance
between states of 5.3 A (see ESIT for calculation) with which an
electron hopping rate between the NiO surface states could be
calculated with eqn (2). The results are summarized in Table 1.
Notably, complete reduction of NiO surface states in the film
occurs much faster than the reduction of TIP dye on the
surface, by approximately two orders of magnitude.

Considering the reduced nature of NiO films during our
investigations, it may be possible that its surface states can
mediate or hinder electron transfer. For example, for highly
doped oxide materials such as fluorine doped tin oxide (FTO), it
has been shown that the surface itself can mediate electron
transfer, however it is unclear how other semiconductors
behave.'> Another example is TiO, which becomes more
conductive with a negative applied potential, and thus may
mediate self-exchange reactions.”® In contrast, NiO becomes less
conductive when the surface states are passivated,”® and should
therefore not mediate intermolecular electron self-exchange
rates. This also means that further studies may be necessary to
understand intermolecular electron hopping between dyes on
NiO in real systems where the surface states are not electro-
chemically reduced or passivated.

From temperature-dependent spectroelectrochemistry of
NiO-TIP, it was also noticeable that the absorption spectra at
lower temperatures show an increase in the time delay between
the onset of the reductive potential step and the beginning of
TIP reduction. At 280 K, the initial (0-1.1 s) baseline shift is
noticeably slower than at room temperature but maintains its
pure NiO nature with minimal TIP contribution visible in
wavelengths >700 nm where NiO absorption is flat (Fig. 8),
whereas the features of dye reduction dominate the evolution at
t > 1s and exhibit an isosbestic point. This furthermore
supports our hypothesis that NiO is first reduced and then
the lateral TIP hopping starts.

While the data clearly show the fast reduction of NiO before
the reduction of the TIP dye begins, it is unclear why this lag
time is observed. It may be possible that dyes close to the FTO
surface are reduced simultaneous with the NiO surface states
but immediately inject their electron to a nearby “neutral” NiO
surface state and are thus not spectrally visible.

Another possibility may be that the charge is flowing
through the NiO surface states first due to a lower resistance,
as the intramolecular electron hopping and surface state
mediated electron transport can be considered as two parallel
processes in a corresponding electrical circuit. Since the dis-
tance between the surface states is shorter and the solvent
reorganization energy can be expected to be lower than for
intermolecular electron hopping further away from the surface,
experiencing bulk solvent dielectric constants the resistance for
the NiO surface states should be lower. While it is unclear if the
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Fig. 8 Time resolved spectroelectrochemistry (SEC) measurements

showing the difference absorption spectra recorded before and after a
potential step of —1.31 V vs. Ag/AgNOs at 280 K of NiO-TIP films in 0.1 M
TBAPFg acetonitrile.

dyes on the NiO surface are involved in the process of NiO
surface state reduction (shown as grey arrows in the first step of
NiO reduction in Fig. 9), we can exclude from our data that NiO
surface states are involved in the reverse reaction, i.e. reduction
of TIP dye, and are sure that the intermolecular electron
hopping starts at the FTO surface.

In any case, considering the ‘“lag time” observed for dye
sensitized NiO films that exhibit surface-states, the conventional
mechanism for electrochemically induced electron hopping
must be expanded with an inter-surface-state charge transfer
process that occurs before intermolecular electron hopping. The
proposed mechanism for applying a reductive potential step to
dye-sensitized NiO films is (1) reduction of NiO surface states
through inter-surface state electron transfer until the majority of
surface states are reduced and (2) reduction of dye close to the
FTO surface and is followed by intermolecular electron transfer
across the NiO surface, as depicted in Fig. 9.

As processes in dye-sensitized NiO photocathodes in solar
devices are typically light induced, it remains unclear what the
mechanism for photo-induced charge transfer at the NiO-dye
interface looks like. However, we can assume that the inter-
molecular hopping rate between the TIP dyes should be com-
parable, as well as the large reorganization energy in a polar
medium which is typical for dye sensitized solar cell electro-
lytes. Possible differences in photo-induced charge transfer will
likely stem from the NiO surface states that should be largely
empty when no potential is applied. The fast injection of
electrons from dyes to NiO surface states should compete with
the electron hopping processes between dyes, and it is likely
that the electron on the molecule recombines quickly with a
previously injected hole in NiO. Since the observed hopping
rate between the dyes in our study, occurring on the ps-scale, is
comparatively slow to the dye regeneration, these findings
suggest that intermolecular electron hopping might not play
a significant role in real p-type dye sensitized devices such as
solar cells or even PEC devices. For solar cells, the reported dye
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Fig. 9 Proposed schematic for electrochemically induced charge transfer processes for sensitized NiO films with NiO surface associated states. Active
surface states are depicted in brown, passivated/reduced surface states are colored in grey.

regeneration rates in the literature, assuming by electron
transfer from the reduced dye to the electrolyte, are typically
at least an order of magnitude faster than hopping and range
from sub-nanosecond,’ mostly in the nanosecond range, with
a few examples occurring in the range of microseconds.®® For
PEC cells, the charge transfer to the photocatalyst can take
place on the sub-picosecond scale,*® although in many cases it
could occur much slower.

What is possibly even more significant for both devices is our
previous proposal that the reduced dye is short lived due to
electron transfer into non-reduced surface states in the NiO.*?
This makes for a slightly different working mechanism for p-type
dye sensitized devices where the reduced dye is not regenerated
by the electrolyte but instead by NiO, which is then regenerated
by the electrolyte in a second step. As the charge transport rate of
the electrons in the surface states are much faster, we hypothe-
size that other charge transport processes than lateral inter-dye
electron hopping could dominate in real cells. From our data, it
seems that electron hopping between NiO surface states is
favored over intermolecular electron hopping. This can poten-
tially have significant consequences for the performance of full
devices: upon excitation, it is widely assumed that the p-type dye
injects a hole into NiO and is reduced; if some of the electrons
on the dyes are then injected into the NiO surface states, it is
possible that the fast-moving electrons in the NiO surface states
recombines with the hole that had been previously injected into
NiO, before being regenerated by the electrolyte.

In other dyes-based systems where the electron hopping rate
could be much faster than that between TIP dyes, it is possible

This journal is © the Owner Societies 2022

that electron hopping could play an important role during
photophysical processes in p-type dye sensitized solar cells or
PEC devices for solar fuels. More studies on different dyes and
electrolytes are therefore desirable.

Conclusion

The characterization of electron hopping processes at a TIP dye
sensitized NiO surface with spectroelectrochemical methods has
provided new insights into the kinetics of hopping and charge
transfer processes of p-type dye sensitized photocathodes. Two
main electron hopping pathways across a dye-sensitized NiO
surface could be identified: (i) intermolecular electron hopping
between the immobilized dyes and (ii) electron hopping between
NiO surface states. The rates of electron hopping between NiO
surface states was found to occur on the nanosecond time scale,
which is two orders of magnitude faster than electron hopping
between TIP dyes, occurring on the microsecond time scale. Our
results suggest that electron hopping between NiO surface states
is the favored pathway in the TIP dye sensitized NiO film during
an applied potential step in spectroelectrochemical measure-
ments. A rarely observed sequential behavior of the two pro-
cesses was also observed with an applied potential: only once the
majority of NiO surface states are reduced via electron hopping
between the surface states, then intermolecular electron hop-
ping between the dyes immobilized on the NiO surface starts.
A key conclusion of this study is that charge transport in the
NiO semiconductor dominates and is likely important for
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p-type dye-sensitized solar cells. From our findings, it can be
hypothesized that if intermolecular electron hopping between
the immobilized dyes occurs on the ps time scale, it is then
much slower than dye regeneration and may therefore not play
a significant role in dye-sensitized solar cells or solar fuel
devices. This is an new finding as compared to what has been
observed for some dye-sensitized photoanodes.”® In contrast,
the fast electron hopping between NiO surface states could be
of importance for charge transport to the back contact in
devices. This would provide much better conduction than what
is expected from the poor bulk conductivity of NiO, and would
be in line with proposed mechanisms from the literature and
observations from conductivity measurements.****! It is pos-
sible, however, that the fast electron hopping process between
NiO surface states also potentially promotes charge recombina-
tion between the injected electrons in NiO surface states from
excited dyes®® and photo-injected holes in NiO. More studies on
different dyes are necessary to be carried out to investigate if
there is a possibility that the electron hopping between dyes on
NiO could occur much faster than for TIP and show a signifi-
cant influence in photophysical processes in dye-sensitized NiO
based solar cell and solar fuel devices.
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