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ABSTRACT: Mechanistic information underlying the function of illuminated mesoporous thin
films of nanomaterials that contain distinct light-absorbing and electrocatalytic units can be
gleaned from discrete-time random walk Monte Carlo simulations. These simulations bridge the
length and time scales between individual electron-transfer events and ensemble behavior
observed from bulk thin films. Most simulations are performed using models that simplify
random mesoporous networks as isolated spherical nanoparticles. However, these simplifications
may not provide sufficient detail to capture macroscopic experimental observations, especially
when mesoporous nanomaterials consist of various geometries. Herein, we examine the role that the structure of the mesoporous
thin film plays on the ability of photogenerated charges to accumulate on surface-confined redox-active electrocatalysts that require
two redox events for turnover. We observe that the structure has a dramatic influence on the expected spectroscopic absorption
anisotropy signal over time. We also observe that the yield for electrocatalyst turnover, as a function of the ratio of the electron-
transfer time constant for self-exchange reactions and charge recombination time constant between the semiconducting mesoporous
thin film and an oxidized/reduced surface-confined dye or electrocatalyst, is influenced by the total surface coverage of redox-active
species. Structures consisting of spherical nanoparticles that are barely touching or partially necked are more effective at
electrocatalytic turnover in the presence of vacant sites than discrete spherical nanoparticles or those that are arranged in a rodlike
structure. Moreover, we show that the yield for electrocatalyst turnover is nearly independent of whether the simulations are
performed on complex three-dimensional structures or simple two-dimensional planar grids. This discovery suggests that the added
complexity of three-dimensional models may not be necessary to explain differences in electrocatalytic turnover yield in
photoelectrochemical constructs containing surface-confined light-absorbing and electrocatalytic units.

KEYWORDS: dye sensitization, dye-sensitized photoelectrochemical cells, Monte Carlo simulations, self-exchange reactions, hole hopping,
charge accumulation

■ INTRODUCTION

Solar fuel constructs consisting of nanoparticles adorned with
discrete light absorbers and discrete electrocatalysts must
effectively transport charge to electrocatalysts to activate them
for desired reactivity.1,2 Optimally, the rate of electron-transfer
recombination between the nanoparticle and an oxidized/
reduced dye or electrocatalyst should be slow, the rate of
electron transfer between surface-confined redox-active species
should be fast, and the rate of electrocatalytic turnover should
be fast. Electron-transfer recombination and surface-confined
electron transport processes have been studied extensively for
materials with discrete visible-light-absorbing moieties, and
various standard structures have been simulated using Monte
Carlo methods.3−24 Only recently did we report analogous
models that also included electrocatalytic units,25 where we
identified the conditions for optimal light-driven electro-
catalytic turnover. The models used in that work, and in most
other works that do not contain electrocatalysts, typically
consist of particles modeled as discrete three-dimensional

spheres, two-dimensional sheets, or one-dimensional lines,
without the possibility for interparticle charge transport.
However, many materials consist of structures that deviate
from these simple geometries and afford pathways for
interparticle charge transport, whether it be via through-
space electronic wavefunction overlap, physical sintering of
particles to generate nanoscale necking regions, or even
alternative shapes formed from clusters of nanometer-sized
particles. Therefore, inclusion of the possibility for interparticle
charge transport in numerical Monte Carlo simulations may be
important for replicating experimental observations made using
mesoporous thin films.
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Several groups have modeled thin films of dye-sensitized
semiconducting nanoparticles as detailed three-dimensional
mesoporous networks of spheres to simulate electron transport
within the semiconducting materials and interfacial electron-
transfer recombination processes.26−37 However, in none of
those works was surface-confined electron transfer between
redox-active molecules anchored to the nanoparticle surfaces
considered. Uniquely, only Meyer and co-workers simulated
electron-transfer processes between molecules surface-anch-
ored to a three-dimensional structure consisting of a regular
array of spherical nanoparticles using a discrete-time random
walk Monte Carlo method.8 Inclusion of interparticle electron
transfer between surface-anchored molecules led to simulated
kinetic behavior that exhibited a long-time tail to the
recombination kinetics, which more closely mimicked results
observed from transient absorption spectroscopy measure-
ments.
Herein, we expand on our previous model, which consisted

of discrete spherical particles, to include structures where the
particles touch and/or overlap, even to the extreme of being
rodlike, thus allowing for interparticle electron transfer via the
bulk semiconducting support and surface-confined redox-active
species. These structures represent more realistic mesoporous
networks whose impacts on pulsed-light-induced surface
transport between discrete light absorbers and discrete
electrocatalysts requiring two redox events for turnover are
reported. We evaluate the effect that these structures have on
electrocatalyst turnover as a function of self-exchange electron-
transfer time constant, electron-transfer recombination time
constant, excitation light intensity, optical polarization, and the
percentage of molecular positions that are vacant on the
particle surface. Results from this work will further guide the
design of light-absorbing materials that efficiently utilize
photons to drive chemical transformations at discrete electro-
catalytic sites, which is of particular relevance to dye-sensitized
solar cells that utilize the iodide/triiodide redox mediator. If
this two-electron-transfer redox reaction could be driven
rapidly at low overpotential, the efficiency of dye-sensitized
solar cells that utilize the iodide/triiodide redox mediator
could increase substantially.3

■ EXPERIMENTAL SECTION
Modeling Framework. The modeling framework aims to

simulate the structure of thin films of nanomaterials with surface-
bound electrocatalytic and light-absorbing units (Figure 1). Computer
code to generate the models and perform the simulations, written in
both Mathematica and Python, is available in ref 38. The underlying
framework for this model and simulation process is generally the same
as that used in our prior study where only discrete spherical particles
were used,25 but with several significant modifications as noted below
and, for convenience, with the previous model briefly described here.
Experimentally, thin films of mesoporous TiO2 used in photo-
electrochemical constructs are coated with dye molecules and
electrocatalyst molecules. The modeling framework captures this
behavior by creating a distribution of molecular surface sites and
assigning each as a dye, catalyst, or nothing. Initially, some dye
molecules on the simulated surface are randomly assigned as
oxidized/reduced due to presumed photoexcitation and excited-
state electron-transfer events. The simulation proceeds by effectively
waiting for a time period that is >90 times shorter than the time
constant for self-exchange electron transfer or charge recombination
and then allowing each oxidized/reduced molecular charge on the
surface to move to an adjacent molecule via presumed self-exchange
electron transfer, to recombine with an electron/hole injected into the
bulk of the semiconductor support, or to remain stationary. The

probabilities for each of these events are predetermined during
simulation initialization based on input time-constant values. In
general, the outcome of interest is the yield for electrocatalyst
turnover, which is defined based on the number of oxidized/reduced
molecular charges created through photoexcitation events that
ultimately results in complete oxidation/reduction of electrocatalysts.

Three-Dimensional Structures. The primary focus of our work
herein was to model and simulate several structures and other related
surface conditions. Evaluation of these new structures and surface
conditions is important because they represent more physically
relevant scenarios encountered experimentally when studying typical
mesoporous thin films utilized in dye-sensitized photoelectrochemical
constructs. The use of several structures differs from our prior study
where only one structure was modeled, which consisted of a stack of
spherical particles that were not in physical contact and thus the
particles only influenced each other in some cases through
competitive light absorption. The main three-dimensional structures
modeled herein are shown in Figure 2. Most of these structures
consist of truncated spheres that are in physical contact, thus allowing
molecules on different particles that are in close spatial proximity to
be considered adjacent and allow for interparticle charge transport.
Like in our prior study, a stack of 100 particles and 1% molecular
coverage of electrocatalysts are used, but unique to the work herein is
that some geometries have more particle overlap and therefore fewer
possible molecular positions per particle. This means that in a stack of
100 particles a different number of total molecular positions exists in
comparison to the discrete particle structure, which was also used in
our prior study. To enable comparable results among geometries, a
fixed percentage of the total number of dye molecules is simulated to
undergo a photoexcitation event, rather than a fixed number of dye
molecules per stack like in our prior study.

While our prior study focused on simulating different conditions
for a simple particle arrangement consisting of an array of isolated
spherical semiconductor particle supports, it was limited in its
applicability to actual mesoporous thin films because oxidized/
reduced molecular charges were physically isolated to a single particle.
This meant that oxidized/reduced molecular charges on one particle
could only interact with electrocatalysts on that same particle, overall
resulting in more restrictive percolation zones than present in actual
mesoporous thin films. Performing Monte Carlo simulations where
electron-transfer events between particles are allowed to occur is not a
new concept8,26−37 but the detailed functionality and inclusion of
discrete dyes and electrocatalysts are unique to our model, therefore
enabling a better understanding of design rules for these functional
constructs.

Modifications to the Modeling Framework from Our Prior
Study. Our model herein assumes that each electrocatalyst requires
two oxidized/reduced molecular charges to generate a completely

Figure 1. Depiction of the processes included in the modeling
framework: (1) dye photoexcitation, (2) self-exchange electron
transfer, (3) charge recombination, (4) electron transfer between
dyes and electrocatalysts, and (5) electrocatalytic turnover.
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oxidized/reduced state, which is then assumed to immediately turn
over electrocatalytically, and the outcomes of the simulations are
reported as mean values obtained from 25 simulations per parameter
set. A conclusion from our prior study was that, in the case of
simulations that used pulsed-light excitation, the ratio of the following
two experimentally relevant time constants (τratio) was the
independent variable in determining the yield for electrocatalyst
turnover and not either one of the time constants alone: time constant
for recombination events between charges in the semiconductor and
oxidized/reduced surface-anchored molecules (τrecomb) and time
constant for self-exchange electron-transfer hopping events between
adjacent dyes (τhop). Therefore, the simulations performed herein
used a one-dimensional array of values for τhop each paired with only
one of two different values for τrecomb in order to calculate τratio =
τrecomb/τhop. This resulted in a parameter space that consisted of 25
distinct time-constant ratios spanning 8 orders of magnitude, 7 of
which were formed in duplicate by using each recombination time
constant, as shown in Table 1. This parameter space contrasts that
used in our prior study where the array of independent variables as
τhop and τrecomb formed a large two-dimensional matrix, consisting of
196 combinations with 42 distinct time-constant ratios spanning ∼9

orders of magnitude. While this enabled us to display a detailed three-
dimensional sheet plot of the simulation results, it ultimately spanned
a similar parameter space of simulated time-constant ratios, which in
our previous study was determined to be the more accurate
independent variable. The parameter space used herein shortens
computation time by simulating fewer combinations with minimal
redundancy while also simulating a similar range of time-constant
ratios. Some redundancy in the time-constant ratio was intentionally
implemented as a test of our previous assumption that the time-
constant ratio was the most appropriate independent variable. This
redundancy results in two values for the mean turnover yield for
several time-constant ratios and clearly illustrates in the figures that
the time-constant ratio is the most appropriate independent variable.

Another important difference herein in comparison to our prior
study is the process by which molecular sites are assigned. Instead of
using Mathematica’s built-in tessellation function to create a fixed
geometric pattern of positions, a method based on Fibonacci spirals
was used to evenly distribute points over the surface of a sphere.17

The benefits of using Fibonacci spirals are twofold. The greater
benefit is that the Fibonacci spiral method allows for any number of
points, while the tessellation method always resulted in the same
pattern but could accommodate only a few very specific numbers of
points. This means that by using Fibonacci spirals, identically sized
particles can contain many different point densities or many
differently sized particles can contain the same point density. The
other benefit of implementing Fibonacci spirals to determine
positions on each spherical particle is that molecular positions on
each particle are not all relatively the same, which was not the case for
the tessellation method. Irrespective, in both cases all positions on
each particle are rotated azimuthally and longitudinally based on the
center of the particle to create a random relative orientation of
molecular positions among particles.

The model utilized herein also includes other differences in
comparison to our previous model: (1) Vertical position of the dye
molecule from the perspective of Figure 2 is used to determine the
probability of excitation when the Beer−Lambert law generation
profile is operative, instead of the vertical position of the particle to
which the dye is anchored to like in our prior study; this was a
necessary change to accommodate nonlinear particle geometries
introduced in this study, yet the Beer−Lambert law generation profile
was not used for any simulation results reported herein. (2) Each
molecule is considered adjacent to all molecules within a fixed
distance from its center, which results in a variable number of adjacent
molecular positions, instead of fixing the number of adjacent
molecular positions to 5 or 6 like in our prior study; for example,

Figure 2. Particle representations of the main three-dimensional structures used in the models: (a) discrete, (b) touching, (c) necked, and (d) rod.
Also shown are examples of distributions of ground-state dyes (yellow hemispheres), electrocatalysts (red hemispheres), and photo-oxidized/
reduced dyes (green hemispheres).

Table 1. Modeled Values for τhop and the Resulting τratio
Values, Which Equal τrecomb/τhop

τhop τratio (using τrecomb = 1 × 103) τratio (using τrecomb = 1 × 106)

1 × 105 1 × 10−2 1 × 101

5 × 104 2 × 10−2 2 × 101

2 × 104 5 × 10−2 5 × 101

1 × 104 1 × 10−1 1 × 102

5 × 103 2 × 10−1 2 × 102

2 × 103 5 × 10−1 5 × 102

1 × 103 1 × 100 1 × 103

5 × 102 2 × 100 2 × 103

2 × 102 5 × 100 5 × 103

1 × 102 1 × 101 1 × 104

5 × 101 2 × 101 2 × 104

2 × 101 5 × 101 5 × 104

1 × 101 1 × 102 1 × 105

5 × 100 2 × 102 2 × 105

2 × 100 5 × 102 5 × 105

1 × 100 1 × 103 1 × 106
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this means that molecules located near necking regions at the
interface of two particles potentially have more adjacent molecular
positions than molecules located far from necking regions, which
results in between 6 to 8 adjacent molecular positions depending on
the local geometry. (3) Percolation zones are identified for each
molecular position because, for many structures, particles are in
physical contact and therefore adjacent molecules may be located on
other particles, instead of assuming that electron transfer can only
occur to any molecules on a single particle like in our prior study; a
percolation zone consists of molecular positions that are accessible for
oxidation/reduction from a given oxidized/reduced molecule, and for
more complex three-dimensional structures many percolation zones
do not contain all molecular positions on a particle but often contain
molecular positions on several adjacent particles. (4) Photoexcitations
that occur in percolation zones that contain zero electrocatalysts or
photoexcitations that occur in too few of a number to result in
electrocatalyst turnover in a percolation zone are identified at the
beginning of the simulation, and the simulation is terminated once
only oxidized/reduced molecular charges from these photoexcitations
remain, instead of removing these photoexcitations from the outset
like in our prior study; these oxidized/reduced molecules must remain
present during the simulation because even if an oxidized/reduced
molecule in a percolation zone cannot possibly result in electro-
catalyst turnover, the molecule and its matched charge in the
semiconducting support affect recombination on the entire particle,
and another percolation zone may exist on the particle that contains
oxidized/reduced molecules that are able to drive electrocatalyst
turnover.
Modifications to the Modeling Framework for Simulations

of Two-Dimensional Structures. Simulations were also performed
using two-dimensional planar structures, where several significant
modifications were made to the above protocols. One change is that
geometric considerations such as photon polarization and the Beer−
Lambert law generation profile are no longer considered with the
planar surfaces because they are two-dimensional. Another change is
that periodic boundary conditions are used with the planar surfaces
such that self-exchange electron-transfer events can occur from one
side of a planar surface to another, meaning that opposite edges (right
and left, top and bottom) are considered adjacent. The final major
change is that electron density is distributed homogeneously across
the planar surfaces. This is included to realistically account for the
second-order recombination behavior based on the concentration of
charges; however, simply treating the surface as one large particle

results in an extremely large recombination rate. This is because the
planar surface is akin to a single particle, yet the hexagonal grid has
25 088 molecular positions (as a 224 row × 112 column grid) and the
square grid has 24 964 molecular positions (as a 158 × 158 grid), each
to mimic the 25 000 molecular positions in the discrete particle
structure where there are only 250 molecular positions per particle.
To correct for this physically unrealistic rapid rate of recombination,
the electron density for the planar surfaces is determined by dividing
the concentration of charges by the number of rows on the surface.

■ RESULTS AND DISCUSSION
The primary focus of our work was to compare across several
support geometries the turnover yield of electrocatalysts that
require two redox events for turnover as a function of the ratio
of two experimentally relevant time constants (τratio = τrecomb/
τhop). These experimentally relevant time constants are for the
processes of recombination between charges in the semi-
conductor support and oxidized/reduced molecules anchored
to the surface of the support geometry (τrecomb) and self-
exchange electron transfer between adjacent dye molecules
anchored to the surface of the support geometry (τhop). In our
prior study,25 we determined that this time-constant ratio was
the independent variable that dictated the turnover yield based
on simulations using an analogous modeling framework to that
used herein. We chose to simulate that electrocatalysts only
require two charges for turnover because that condition is most
relevant to dye-sensitized solar cells that utilize the iodide/
triiodide redox mediator; however, it is equally as relevant to
other photoelectrochemical constructs that, for example, drive
the two-electron-transfer hydrogen-evolution reaction or the
two-electron-transfer chlorine evolution reaction, among
others.

Effect of Pulsed-Laser Fluence. The yield for electro-
catalyst turnover was first analyzed for all four structures shown
in Figure 2 as a function of time-constant ratio, with results
shown in Figure 3a after high pulsed-laser fluence (blue) and
low pulsed-laser fluence (red), and with additional inter-
mediate fluence conditions shown in Figure S1. These data
indicate that larger pulsed-laser fluence results in larger
electrocatalytic turnover yield independent of the structure.

Figure 3. (a) Yield for electrocatalyst turnover as a function of time-constant ratio for each of the four structures depicted in Figure 2 and after the
indicated pulsed-laser fluence, represented as the percentage of dyes initially photoexcited. (b) Yield for electrocatalyst turnover normalized to the
statistically limiting turnover yield (Figure S2b) as a function of time-constant ratio for the discrete structure and after the indicated pulsed-laser
fluence.
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A larger turnover yield at higher fluence is a consequence of
the statistics of randomly assigning photogenerated oxidized/
reduced molecular charges to electrocatalysts. When the data
are normalized for this effect (Figures 3b and S2), there are no
significant differences in turnover yield as a function of time-
constant ratio across several pulsed-laser fluences. The data in
Figure 3 also show that the limiting turnover yield occurs for a
time-constant ratio between 103 and 104 for all simulated
pulsed-laser fluences, suggesting that mesoporous photo-
electrochemical constructs containing surface-confined light-
absorbing and electrocatalytic units should aim to have time
constants that result in these ratios. Notably, only under the
high-fluence condition is there a significant difference in
limiting turnover yield based on scaffold structure (Figure 3a),
with a significantly smaller predicted limiting turnover yield for
the discrete particle structure than the touching, necked, and
rod structures, which are all same within the error of the
simulations. A smaller limiting turnover yield for the discrete
particle structure is observed because it is possible to
photoexcite dyes on particles that do not contain electro-
catalysts, meaning that those photoexcitations cannot contrib-
ute to electrocatalyst turnover. On all other structures there are
surface-confined electron transport pathways that connect
every molecule to every other molecule, meaning that even for
photoexcitations that occur several particles away from an
electrocatalyst, in the limit of large time-constant ratio, the
electrocatalyst will be oxidized/reduced. To confirm that in the
limit of large time-constant ratio electron-transfer events occur
between adjacent particles, the average number of distinct
particles visited by each photogenerated charge was calculated
as a function of time-constant ratio for each of the four
structures (Figure S3). In addition, the turnover yield does not
seem to depend on the connectedness of a structure in terms
of necking and percolation pathways. For example, the
touching structure has very few interparticle percolation
pathways, yet within the error of the simulations, its yield for
electrocatalyst turnover is the same as the rod structure where
many percolation pathways exist.
Effect of Photon Polarization. One measurement that

yields vastly different results among the structures shown in
Figure 2 is the calculated time-dependent spectroscopic
anisotropy. If the incident pulsed-laser light is simulated to
be linearly polarized, dye molecules whose transition dipole
moment is collinear with the electric field vector of the
incident light are more likely to absorb a photon. This effect
was included in the model via a weighting factor that
determined the probability for photoexcitation of dye
molecules based on their orientation relative to a chosen
vector that represented the direction of electric field polar-
ization of the photon as follows:

θ=W cos2 (1)

where W is the relative weight for the probability of excitation
for a given dye molecule, and θ is the angle between the
electric field polarization vector of the photon and the
transition dipole moment of each dye. Dye molecules were
assumed to have transition dipole moments oriented radially
from the center of the particle to which they were anchored.
This weighting factor creates an anisotropic distribution of
photoexcitation events with an anisotropy that changes over
time as oxidized/reduced molecular charges transfer along the
surface of the structure through self-exchange electron-transfer
events. The spectroscopically observable anisotropy is

calculated as the average of the anisotropy contribution of
each oxidized/reduced molecular charge as follows

θ= −
r

3 cos 1
2

2

(2)

where r is the contribution to the anisotropy. θ could be
defined differently in the case that the anisotropy relative to
another vector was of interest or that the transition dipole
moment vector of the dye changed after absorbing a photon or
becoming oxidized/reduced. For simplicity, the same θ value is
used to calculate the probability of photoexcitation and the
anisotropy. Figure 4 shows how the anisotropy transients

change over time and differ among the structures, where the
electric field polarization vector of the photon is horizontal
from the perspective of Figure 2. For the discrete particle
structure, which consists of isolated spheres, the initial
anisotropy value is equal to the theoretical short-term value
of 0.4 and approaches zero over time via an exponential decay.
However, the connected structures have some amount of
particle necking, and therefore some molecular positions are
left unoccupied near the poles along the vertical axis from the
perspective of Figure 2, resulting in larger initial and long-time
anisotropy values, albeit with changes that occur via a time-
dependent rate that is independent of the structure within the
error of the simulations. This means that to obtain
experimental data that are only influenced by reaction kinetics,
like electron transfer or energy transfer, one must use
polarizers positioned either at the magic angle (54.7°) with
respect to the electric field polarization vector of the incident
light or at several known angles that are then used to
mathematically compute the magic angle kinetics and spectra.
Data from our simulations also suggest that anisotropy values
can converge to nonzero values at long times, and this behavior
may be indicative of a nonspherical structure. Notwithstanding,
simulations of turnover yield are not influenced significantly by
the use of incident light that is linearly polarized (Figure S4).

Figure 4. Calculated spectroscopic anisotropy over time for each of
the four structures depicted in Figure 2. In all cases, the coverage of
electrocatalysts and percentage of photoexcitations were each
assumed to be 1% of the molecular surface, the recombination time
constant was set equal to 1 ms, and the hopping time constant was set
equal to 1 μs, meaning a time-constant ratio of 103.
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Effect of Vacant Molecular Positions. Experimentally,
binding molecular dyes to a mesoporous thin film of
nanocrystallites is an imperfect process that results in
variability in local surface coverages. Therefore, we also
investigated the effect that total molecular coverage, and thus
percolation, has on turnover yield (Figure 5). A percolation
network is important so that oxidized/reduced molecular
charges resulting from photoexcitation are able to transport to
electrocatalysts. Therefore, a certain percentage of potential
molecular positions was chosen to be vacant before molecular
positions for electrocatalysts were selected. For example, in a
discrete particle structure with 250 molecular positions over
100 discrete particles that contain 50% vacant molecular
positions, 1% electrocatalyst coverage, and 1% dye photo-
excitation, there are 12 500 sites that are randomly selected to
be vacant, 125 of the remaining sites are chosen to be catalyst
sites, and 124 of the remaining sites (rounded from 123.75)
are chosen to be initially photoexcited dyes. One observation
from the results of these simulations is that breakdown of the
percolation network does not begin to result in a significant
decrease in the turnover yield until nearly 50% of the
molecular positions are vacant and that even at that coverage,
oxidized/reduced molecular charges are still able to transport

to electrocatalysts for the touching and necked structures,
when charge recombination is slow. This indicates that even at
50% molecular vacancies, a percolation network can still exist
but that it may not be direct and so a molecular charge may
require many more self-exchange electron-transfer events
before reaching an electrocatalyst. The results shown in Figure
5 also suggest that the majority of the percolation pathways are
removed at between ∼55% and ∼60% molecular vacancies but
that the percolation network is not entirely removed even
when ∼70% of the molecular positions are vacant.
Another observation is that the discrete particle structure is

affected to a greater extent by the presence of a large number
of molecular vacancies (Figure 5a). Even at only 10−25%
molecular vacancies, the limiting turnover yield decreases
noticeably in comparison to when zero molecular vacancies are
present. This behavior is observed because the discrete particle
structure is already made up of a number of smaller percolation
zones, i.e., each particle, and so the structure is more
susceptible to the breakdown of percolation networks. This
is in opposition to the connected structures where an oxidized/
reduced molecule that has zero electrocatalysts on the same
particle may still be able to oxidize/reduce an electrocatalyst if
it can transport by self-exchange electron-transfer events to

Figure 5. Yield for electrocatalyst turnover as a function of time-constant ratio after 1% of the dyes are initially photoexcited and with the indicated
percentage of vacant molecular positions for each of the four structures depicted in Figure 2: (a) discrete, (b) touching, (c) necked, and (d) rod.
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another particle. Interestingly, of the connected structures, the
rod structure has a significantly smaller turnover yield at a
moderate coverage of molecular vacancies (50−65%) than the
other connected structures, an observation that is analyzed in
greater detail in the text associated with Figure S5.
Effect of Simplifying versus Complicating the Surface

Geometry. The major conclusion from the results thus far is
that the majority of variables do not significantly impact the
yield for electrocatalyst turnover as a function of time-constant
ratio. This led us to question whether the added complexity in
our model actually results in the observation of more
significant outcomes or whether a simpler geometry would
be equivalent. To this end, two-dimensional planar structures
were modeled and simulated using a protocol that was nearly
the same as that used for the three-dimensional structures, but
with several significant modifications that included not
including effects due to photon polarization, including periodic
boundary conditions, and homogenizing electron density over

the entire surface and scaling the number of charges by the
number of rows in the surface grid. To make comparisons
between results obtained from simulations of the two-
dimensional planar surfaces and the three-dimensional
structures shown in Figure 2, simulations were performed
using homogenized electron density for the three-dimensional
structures and results are shown in Figure S6, where
comparisons made to the analogous results obtained using
nonhomogenized electron density (Figure S1) indicate very
minor changes in turnover yield as a function of time-constant
ratio.
In addition to the planar surface shown in Figure 6a, where

molecular positions were aligned along a hexagonal grid,
another planar surface was simulated where molecular
positions were aligned along a square grid (Figure S7).
Comparison of the results using homogenized electron density
for the three-dimensional discrete particle structure, the three-
dimensional rod structure, and all two-dimensional planar

Figure 6. (a) Portion of the planar surface structure consisting of a hexagonal grid of molecular positions that each have six adjacent molecular
positions and with a random distribution of ground-state dyes (yellow spheres), electrocatalysts (blue spheres), and photo-oxidized/reduced dyes
(larger colored spheres). (b) Yield for electrocatalyst turnover as a function of time-constant ratio for the three-dimensional rod structure and the
two-dimensional planar surface shown in panel a, each with homogenized electron density and after the indicated pulsed-laser fluence, represented
as the percentage of dyes initially photoexcited. (c) Clustered structure consisting of 100 particles that overlap each other by distances equal to 0−
50% of their radii, resulting in 19 095 molecular positions (yellow hemispheres). (d) Yield for electrocatalyst turnover as a function of time-
constant ratio for the rod structure and the clustered structure shown in panel c, each with homogenized electron density and after the indicated
pulsed-laser fluence.
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surfaces (Figures 6b and S9) suggests that the number of
adjacent molecular positions is an important parameter in
predicting the yield for electrocatalyst turnover and that the
overall behavior in turnover yield as a function of time-
constant ratio and the value of the limiting turnover yield at
large values of the time-constant ratio are in general
independent of the dimension of the structure used to perform
the simulation.
In contrast to the simplified two-dimensional planar surfaces,

a three-dimensional clustered structure was created that
simulates a more realistic and complex mesoporous thin film
(Figure 6c). The goal of using the clustered structure was to
determine whether any additional behavior could be observed
or information could be obtained by complicating the structure
in a more realistic manner than the three-dimensional
structures shown in Figure 2. Comparison of the results
using homogenized electron density for the two-dimensional
planar surface with a hexagonal grid, the three-dimensional rod
structure, and the three-dimensional clustered structure
(Figure 6b,d) indicates that all three very different geometries
produce nearly the same yields for electrocatalyst turnover as a
function of time-constant ratio. This suggests that the
complexity of the three-dimensional structures shown in
Figure 2 and the clustered structure shown in Figure 6c,
versus the two-dimensional planar structures, is likely not
necessary to accurately predict turnover yields as a function of
time-constant ratio. Overall, results from these simulations
indicate that as long as distributions of molecules can be
arranged on a surface where the number of adjacent molecular
positions is consistent with experimental arrangements, the
expected empirical turnover yield as a function of the empirical
values that make up the time-constant ratio, i.e., τhop and
τrecomb, can be reasonably approximated using our numerical
models and simulations.

■ CONCLUSIONS
This work continued the development of an advanced model
for charge transport across the surface of dye and cocatalyst-
modified mesoporous materials. When charge recombination
between the semiconducting mesoporous thin film and an
oxidized/reduced dye or electrocatalyst was modeled to be
slow, results from simulations indicate that electrocatalytic
turnover yield was larger for structures containing particles that
were in physical contact due to interparticle self-exchange
electron transfer. However, changing the degree to which
particle surfaces overlapped did not have a significant effect on
turnover yield. Results from simulations also indicate that the
use of linearly polarized light to photoexcite dye molecules has
little effect on turnover yield but that the initial magnitude of
the simulated spectroscopic anisotropy signal is drastically
different when simulations are performed using spherical
structures versus rodlike structures. Moreover, when 50−65%
of possible molecular positions are vacant, percolation
networks are more effective at transporting molecular charges
and resulting in electrocatalytic turnover for structures
consisting of nanoparticles that barely touch or are partially
necked in comparison to rodlike structures. Simulations also
suggest that use of models consisting of complex geometries
that more closely resemble mesoporous materials used in
experiments, versus a simple two-dimensional planar grid,
provides minimal additional information or benefit regarding
the yield for electrocatalyst turnover as a function of the ratio
of the electron-transfer time constant for self-exchange

reactions and charge recombination time constant between
the semiconducting mesoporous thin film and an oxidized/
reduced surface-confined dye or electrocatalyst.
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