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It is widely known that semiconductor-based solar energy conversion could power our planet. This is in part
because high-quality semiconductor structures are unrivalled in their ability to separate photogenerated
electrons and holes. One effective approach to achieving this photoinduced charge separation relies
on a phenomenon known as “band bending”. But details to justify why band bending results in
photoinduced charge separation are more complex than often appreciated. This underappreciation is
an impediment to the rational, hypothesis-driven design of next-generation approaches to solar
energy conversion. Herein we show, by means of derivations rooted in physical chemistry, that
several phenomena - not just band bending — can facilitate photoinduced charge separation, and
that each is influenced by nonequilibrium species concentration and a parameter, such as diffusion
coefficient or rate coefficient, that introduces dynamics. To help visualize the impact of each phe-
nomenon, we introduce plots that depict their contributions as free energy, force, flux, force con-
stant, and rate. We reveal that spatial dopant distributions that define band bending are predictors of
initial photogenerated species transport rates. But charge separation alone does not guarantee high-
efficiency operation. A photogenerated change in energy that is freely available to do useful work is
also essential, and is strongly dependent on semiconductor optical properties and reaction kinetics.
Notably, this information reveals that specificity of interfacial chemical reactions — even when they
are not preceded by charge separation elsewhere — can result in efficient solar energy conversion.
We expect that this tutorial will guide researchers in their pursuit to uncover new mechanisms for
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Broader context

Without a strong foundation in core concepts, researchers are left to guessing and a reliance on serendipity to invent new ways of performing desired tasks. We
can, and must, do better when it comes to developing next-generation sustainable energy systems. Hypothesis-driven research and development is a stronger
strategy to make advancements in the use of renewable energy sources to power our planet in ways that are economically and environmentally friendly. It relies
on intentional innovation followed by implementation of the scientific method. This strategy, however, requires a deep understanding of the facts and a shared
technical language across a multidisciplinary space. To help facilitate this, we developed a tutorial on photoinduced charge separation. In it, we present field-
agnostic thermodynamic and kinetic concepts rooted in the chemical sciences and engineering. We demonstrate that there are many ways to achieve
photoinduced charge separation, a general prerequisite to performing useful work with light. Only with fundamental knowledge can researchers rapidly invent,
and vet the importance of, new approaches that are so urgently needed.

The Sun provides to Earth enormous amounts of clean fact has motivated scientists and engineers to develop engines
that efficiently convert sunlight into other forms of energy, by
what have been termed sunlight-to-X processes.” Innovative
approaches are an outcome of the wide range of viewpoints
considered, which span the physical and biological sciences to
engineering, and provide hope that someday soon we might

discover an approach that is a gamechanger for sustainability.

radiant energy," far exceeding humanity’s energy needs.>* This
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The most efficient engines for sunlight-to-X energy conver-
sion use semiconductor photoabsorbers. Absorption of light by
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Fig. 1 Electrostatic diagrams and band diagram. Depictions of properties of an equilibrated semiconductor pn-homojunction, which is approximated,
as is typical, to have a sharp interface, as a so-called abrupt junction,® between regions that each have a spatially invariant concentration of immobile
dopants. In this case, the immobile dopants are assumed to be fully ionized and at the same concentration on both sides of the junction. The pn-junction is
known as a homojunction, because the semiconductor is homogenous across the interface. The pn-junction design is one where a spatially invariant rate of
photon absorption to generate nonequilibrium concentrations of mobile charged species (not shown) would result in transport of mobile electrons (e7) to the
right and mobile holes (h*) to the left. (a) Complete electric circuit that includes a semiconductor pn-homojunction along with an exemplary equilibrated
electric potential diagram. This representation includes the entire distribution of system electric potential, ¢, along the closed path of charge transport
through an ionic pathway (e.g. an electrolyte phase) or an additional electronic pathway (shown with the example of metals (M), each chosen to generate no

o9
x
that some of the electric potential information is also shown in panels a and c. This representation assumes the so-called depletion approximation®? for the
semiconductor, where immobile ionized dopants constitute charge densities, p (each as the product of concentration, charge number, and the Faraday
constant), across the pn-homojunction (—/+) that screen each other, without secondary considerations of mobile h*/e™ at the extremes of these respective
regions. This closely associated charge screening — over what is termed the depletion region — confines electric fields, E, whose values then vary linearly in

space, i.e. are diagonal lines, and with relations to ¢ and p as the gradient of the parabolic electric potential, i.e. 7g—¢,
X

electric fields, i.e. = (), at the interface with each of the p-type and n-type semiconductor). (b) Equilibrated electrostatic diagram, highlighting (blue box)

and as the integral of the ratio of the

charge density to the static permittivity, i.e. fgax, each in one spatial dimension, x. (c) Equilibrated traditional band diagram at electrochemical equilibrium,

including free energies for each of mobile e~ and h* (shown as Fermi levels, i.e. Epe- = +]ie— and Eg p+ = —[in+) and internal energies of the valence-band edge,
Eypedge, and conduction-band edge, Ecyedge, With bands of electronic states as solid colors. Contributions due solely to ¢ are depicted, as is typical, by the
energy of the local vacuum located just outside the system and with zero kinetic energy, Evaclocal, In reference to a vacuum state approaching an infinite
distance away from the system, with zero kinetic energy, and with spatially invariant energy, Evacinfinite-

these photoabsorbers results in a 1: 1 stoichiometric increase in
the concentration of negatively-charged mobile electrons (e”),
in electronic states that form the conduction band (cb), and
positively-charged mobile holes (h"), due to removal of electrons
from electronic states that form the valence band (vb). It is
generally desired that these photogenerated mobile charged
species separate and are then collected for sunlight-to-X energy
conversion (X = electricity, chemicals) — alternatively, they can
recombine (X = heat, light), which is not generally desired.

A major advance in sunlight-to-electricity energy conversion
came in the mid-twentieth century with the advent of the semi-
conductor pn-junction (Fig. 1a).° Diffusion of specific charge-
neutral dopant atoms into a crystalline, elemental semiconductor
lattice, e.g. Si, resulted in spontaneous formation of a p-type
region, enriched in positively-charged mobile h" and immobile
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charge-compensating negatively-charged ionized dopants (—), and
an adjacent n-type region, enriched in negatively-charged mobile
e~ and immobile charge-compensating positively-charged ionized
dopants (+). These thermalization processes in the dark generated
the p-type and n-type regions, but it is the related electrochemical
equilibration process that highlights the ingenuity of the formed pn-
junction. Transport of dopant-derived mobile e~ and h", followed
by their spontaneous 1:1 stoichiometric recombination, resulted
in a spatial charge imbalance due to the remaining immobile
ionized dopants, and therefore electric fields and electric potential
differences within the semiconductor (Fig. 1a and b) — it is these
electrostatic properties that aid in photoinduced charge separation.
Over time it became popular to illustrate electric potential
differences in semiconductors as “band bending” on a plot of
energy as a function of location in one spatial dimension, as
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an energy (“band”’) diagram. Today, “band diagrams” are wide-
spread in articles describing sunlight-to-X energy conversion,
underscoring the impact that electric-field-driven charge separa-
tion has had on understanding efficient solar cell design. How-
ever, this band-bending description is often too simple and only
sometimes predictive of whether mobile charged species will undergo
photoinduced charge separation. While the cause-effect relation-
ship between the presence of electric fields and separation of
mobile species bearing opposite charge is logical, it obfuscates a
more general understanding of (sun)light-to-X energy conversion
processes. This issue is compounded by the presentation of the
band diagram itself, which was designed using the language of
solid-state physics for applications when X = electricity. By over-
looking principles central to chemistry that are particularly
important when X = chemicals, this historical terminology
impedes opportunities to rationally innovate — the language
associated with band diagrams is not traditionally used by all
scientists and engineers. Our hope is that this tutorial promotes
not only a deeper appreciation of opportunities available to
researchers studying light-to-X energy conversion, but also invi-
gorates them to embark on multidisciplinary collaborative efforts
that may lead to urgently needed breakthroughs.

Key lessons to be learned

To rationally innovate in light-to-X energy conversion, it is
important to understand the principles that define how absorp-
tion of light increases the energy of the system, some of which
is freely available to do useful work at a rate determined by
species flux — in terms of electrical work, i.e. X = electricity, this
is how voltage is related to current, as has been reported many
times previously.””? Using photogenerated free energy to
explain downstream actions is the foundational physics way
to teach light-to-electricity energy conversion. However, as an
alternative pedagogy based on general thermodynamics and
kinetics, herein we take a different approach. Section I defines
free energy contributions to light-to-X energy conversion pro-
cesses. Section II introduces how a system evolves in time based
on several physical interpretations of transport. Section III
explains causes of photogenerated species flux. Section IV intro-
duces photogenerated free energy and useful work. Section V
unifies this information using volumetric rates. And ultimately,
Section VI details approaches that we think will help facilitate
rational innovations in light-to-X energy conversion. In doing so,
we highlight the following important facts:

(1) Although band diagrams illustrate differences in electric
potential, they only indirectly show other contributors to free
energy, such as species concentrations. Spatial variation in
species concentration results in net diffusion, which in the
dark opposes transport resulting from band bending that was
described above, and allows these diagrams to represent the
condition of electrochemical equilibrium;

(2) Photoinduced transport and charge separation can readily
be driven by more than differences in electric potential, including
differences in standard free energy, state density, activity coeffi-
cient, temperature, and kinetics. These contributors are not

This journal is © The Royal Society of Chemistry 2026

View Article Online

Perspective

depicted directly on band diagrams, and none of them even
require bands of electronic states;

(3) Even differences in free energy that suggest mobile
species bearing opposite charge transport in the same direc-
tion can result in photoinduced charge separation because of
species ensemble diffusion coefficients and reaction rate
coefficients. While these contributors are not depicted - even
indirectly - on band diagrams, they are critical because each
introduces dynamics into what is otherwise only a depiction of
spontaneity; and

(4) Differences in free energy, ie. energy that is freely
available to do useful work, are foremost required for light-to-
X energy conversion, providing the driving force for charge
separation that can spontaneously generate photovoltages and
photocurrents. These free energy differences may not be
directly deducible from internal energies that dominate band
diagrams (Fig. 1c) without consideration of properties that are
not shown: probabilities to absorb light, reaction kinetics, and
photon fluxes from the surroundings.

Before we proceed to share mathematical and physical
details that are critical to understanding photoinduced charge
separation and light-to-X energy conversion, we present four
thought experiments to summarize important overall conclu-
sions from this tutorial.

(i) Imagine you have a semiconductor photoabsorber. At
electrochemical and thermal equilibrium, each species ensemble
at any location in the semiconductor exhibits, on net, zero trans-
port flux and simultaneously zero reaction rate. Then, upon
absorption of sunlight, concentrations of e~ and h* ([e”] and
[h"]) each increase by an equal amount from its equilibrium value.
How much useful work can be performed per e”-h" pair? As described
in detail below, the answer is not the bandgap energy, but rather
the change in free energy due to photoexcitation within the
photoabsorber. At low light intensity, concentrations of species
are altered only somewhat from their equilibrium values, meaning
that the free energy generated is relatively less — increased light
intensity generates greater free energy difference. This clarifies that
internal energies shown on band diagrams are only indirect
indicators of light-to-X energy conversion efficiency.

(if) While absorption of photons to generate nonequilibrium
species concentrations is self-evidently important for light-to-X
energy conversion, photoinduced charge separation is also
critical. Electric fields drive e~ and h"* to transport in opposite
directions and, as described in detail below, their fluxes depend
mathematically on the concentration of each, i.e. [e ] or [h'],
respectively. Transport resulting from a concentration gradient,
i.e. diffusion, also depends on positional [e | or [h'], but with
no directional dependence based on species charge. How then can
absorption of sunlight homogeneously across a photoabsorber
result in charge separation? It is because absorption that is
spatially homogeneous increases [e | and [h'] by an equal
amount everywhere, resulting in no net change in species flux
due to diffusion. This contrasts with species flux due to electric
fields, which, being directional based on both the sign of the
electric field and species charge, results in photoinduced
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charge separation. Moreover, initial photogenerated species
fluxes are directly proportional to the underlying distribution
of electric fields. This clarifies the critical role that band bending
can have in light-to-X energy conversion processes.

(iii) But one can envision a scenario where e~ and h" are
driven in the same direction, each by a force that also depends
on [e ] or [h']. In this case, how can absorption of sunlight
homogeneously across a photoabsorber result in charge separa-
tion? As described in detail below, mass-transfer processes rely
on more than the concentration of species, i — they also
depend on its diffusion coefficient, D;. Species diffusion coeffi-
cient is the mass-transfer equivalent of the rate coefficient, %,,
for a reaction, r. If the diffusion coefficient differs for e~ and h*
they will separate — even though they transport in the same
direction - because one species ensemble will move faster than
the other. This highlights that band bending, and related
thermodynamic contributors, are not the only ways to achieve
photoinduced charge separation.

(iv) Chemical kinetics and photochemistry can result in
photoinduced charge separation, even in the absence of other
effects. Assume that the rate of a desired reaction, r, is defined
by the mass-action expression k,[¢”|, while that for an unde-
sired reaction, r’, is defined as k,[e"|. In this case, when will a
selective reaction occur, which by definition results in charge
separation? Well, analogous to charge separation resulting from
differences in D; for two species ensembles, absorption of
sunlight results in selectivity for r over ;/ when k, > k.. And as
described in detail below, this outcome is independent of the
spontaneity of each reaction at standard state, as long as the
reverse back reaction is slower than reaction products are
extracted from the reaction volume. This establishes clear design
rules for how photochemistry, even in the absence of a semi-
conductor, can be effective at light-to-X energy conversion.

We now proceed to explain each of these scenarios — hope-
fully with sufficient rigor — such that you, too, arrive at these
same conclusions. Newcomers to the field may find it useful to
first familiarize themselves with historical aspects of semicon-
ductor-based solar energy conversion,"** which experts in the
field likely know well. Independent of prior expertise, we expect
that newcomers and experts alike will gain a new appreciation
for some concepts in light-to-X energy conversion by reading
this tutorial.

l. Electrochemical potential as the free
energy parameter
A. Information included in, and omitted from, band diagrams

The process of light-to-X energy conversion begins with absorp-
tion of photons to generate a nonequilibrium concentration of
excitons, irrespective of whether the photoabsorbing phase is a
semiconductor, a more molecular species, or otherwise. When
the phase effectively screens charges, meaning it has a large
static permittivity (e.g. silicon, metal oxides, water), each exciton
rapidly dissociates into a reduced state (e.g. semiconductor
conduction-band electron, reduced dye molecule, reduced
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electron acceptor) and an oxidized state bearing opposite charge
(e.g. semiconductor valence-band hole, oxidized dye molecule,
oxidized electron donor). Charge separation requires that these
nonequilibrium ensembles of mobile charged species must move
differentially with respect to each other, constituting current
flow. In many semiconductor devices, the invoked explanation
for this photoinduced charge separation is band bending, which
herein we define as spatial differences in electric potential, ¢,
that commonly exist near phase boundaries, e.g. semiconductor
interfaces (Fig. 1). But why is it that band bending results in charge
separation when illuminated? The answer may appear to be
straightforward based on a band diagram (Fig. 1c): electric fields
drive oppositely charged mobile species in opposite directions.
But there is more to this than meets the eye. This explains how a
solar cell can work, but it hides critical details that support why in
fact a solar cell does work. To introduce this conundrum, and its
resolution, we explain the origin of the band diagram using a
thermodynamic framework motivated by Ross and Hsiao® for a
common semiconductor, e.g. crystalline silicon, operating as a
photovoltaic solar cell.

A solar cell uses the energy in sunlight to perform electrical
work, i.e. X = electricity as current flow through an additional
electronic pathway that forms a closed circuit. This circuit is a
closed system, meaning that matter cannot enter or exit it. In
the dark, we can assume that species in this system are at
electrochemical equilibrium, and are in thermal equilibrium
with the local surroundings through, at a minimum, exchange
of photons.” Under these equilibrium conditions, the free
energy difference for transport and reactivity are each equal
to zero, and therefore, species concentrations do not change,
on net, over time. That is, although species are both chemically
and spatially dynamic, any time-averaged snapshot will present
the same spatial distribution for each species ensemble. But if
band bending is present in the dark (Fig. 1), how are all popula-
tions of mobile species at equilibrium — in other words, why are
mobile charged species not propelled in different directions due to
spatial differences in electric potential? The answer is that the

electric field, E, as the gradient of electric potential, i.e. 787?,
in one spatial dimension, x, (Fig. 1b, middle plot) is just one of
several driving forces for species transport and reactivity.
Another driving force results from the gradient of chemical
op;
Ox
potential, p; is an important state function that, analogous to
electric potential for charged species, is necessary to describe
the contribution of that species ensemble to the spontaneity of
a process. While ¢ and g; are of similar importance, we find
that most light-to-X researchers discuss y; less often. Motivated
by this, we firmly support proposed pedagogy that introduces y;
early in classroom education, and at all levels of collegiate
study,"* so that it can be used logically as the foundation for
other concepts in thermodynamics, kinetics, and transport.
But given the similar importance of system electric potential,
¢, and species chemical potential, u;, where are contributions due
to species chemical potential shown on a band diagram? While it

potential, ie. , for each species ensemble, i. Chemical
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Fig. 2 Electrochemical potential diagrams. Alternative depictions of properties of an equilibrated semiconductor pn-homojunction described in Fig. 1
and color-coded analogous to Fig. 1c. (a) Equilibrated electrochemical potential diagram, which is an analog of a band diagram (Fig. 1c) but is based

entirely on free energy contributions, including replacing Fermi levels, Eg;, with their respective electrochemical potentials, i.e. fie- = +Efe- and fin+ =
—Ef n+, and showing species standard concentration chemical potential, ;1. By not depicting Evacjocal (Shown in Fig. 1c), and if these curves had not been

colored, individual contributions due to ;. and ¢ could not be deduced. (b) Equilibrated comprehensive electrochemical potential diagram, including

species chemical potential, g;, and species concentration, ¢;, and showing that free energy contributions due to u; and ¢ result in the condition of
electrochemical equilibrium as indicated by a spatially invariant fi; for each of mobile electrons (e7) and holes (h*). Each curly brace near the fi; horizontal
line highlights the curves that represent properties for e~ (right) and h* (left).

may seem surprising, the answer is that p; are not depicted
directly (Fig. 1c) — instead, they are inferred from band diagrams.
Thus, while band diagrams are elegant, their emphasis on ¢ over
u; illustrates tradeoffs made for simplicity, and may have
contributed to less frequent usage of y; by light-to-X researchers.
In light of this, band diagrams do instead illustrate overall net
spontaneity. The free energy for each major species ensemble to
transport and/or react is shown as an associated electrochemi-
cal potential, [i;, state function through depiction of “‘Fermi
levels”, i.e. Eg; (Fig. 1c and 2a). With the collective information
presented in band diagrams, i.e. Epe- = +fle-, Epn = —fint
and —q¢, values of p; are trivial to deduce with knowledge of
the following equation,

species level
_ rm——“e—
Hix = Hix +ziq ¢.\' (1)
~—~

system level
where z; is the species charge number and g is the elementary

charge (which equals N£ as the Faraday constant divided by the
A

Avogadro constant), and specific parameters include a subscript
x to remind the reader that each has an explicit dependence on
location — for brevity, these subscripts are generally omitted in
the body of the text.

B. Chemical potential as the central concept in energy
conversion

A species ensemble at electrochemical and thermal equilibrium
undergoes no net transport. Under this condition, j; is spatially

This journal is © The Royal Society of Chemistry 2026

invariant, and therefore constant, such that the shape of u; is
exactly band bending inverted, i.e. —z;q¢ (Fig. 2b). Indirectly,
this also informs species concentration, ¢;, because, as shown
below, p; is linearly related to the logarithm of ¢; (Fig. 2b).
With an understanding that p; and ¢; are inferred from band
diagrams, it is clear why only those familiar with such dia-
grams could use them to deduce causes of photoinduced
charge separation and light-to-X energy conversion. But
details are necessary so that any researcher can interpret
band diagrams and accurately answer the overarching ques-
tion: How does absorption of light in a region with band
bending drive nonequilibrium concentrations of mobile charged

species to separate — in other words, why does g— drive faster
X

net charge transport of e~ and/or k' than from equal and
opposite —%9
PP z;q Ox

Explaining causes of photoinduced charge separation - at a
level that provides mechanistic details grounded in chemical
and physical intuition — warrants presentation of additional
fundamental equations. Before doing so, it is instructive to
recall that the spontaneity of all processes, including mass
action (chemical reactions) and mass transfer (species trans-
port), are underpinned by the Second Law of Thermodynamics,
i.e. processes occur, on net, that statistically increase the
entropy of the Universe."”” Equivalently, processes net occur
when they are accompanied by a decrease in the energy of the
system that is freely available to perform useful work, from an
initial state to a final state — i.e. their difference, A, is negative
at a constant system temperature and pressure (for Gibbs free
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energy, AGgy) or temperature and volume (for Helmholtz free
energy, AAg). Spontaneity of a process can also be defined by a
decrease in system internal energy or enthalpy, when system
entropy remains constant, at a respective constant system
volume (for internal energy, AEy) or pressure (for enthalpy,
AHgy)."® To better understand causes of photoinduced charge
separation, consider a hypothetical scenario that includes no
chemical reactions and where only transport is operative. The
spontaneity of transport for each species ensemble is defined

On;
as o

, where the partial derivative captures the change in free

energy of the species ensemble, albeit between two positions,
and in this regard takes the place of A above. While the sign

On; . L .
of (T)_HI alone dictates the net direction of species ensemble
X

transport, to conceptualize specific chemical and physical
aspects that underlie fi;, beyond those shown in eqn (1), we
present the most common definition of the chemical
potential for a species ensemble, u;, in one spatial dimension,
x, as follows,"*?

o o i xCix
W= +ksTixIna;y =p; . +ksTicln % (2)

where species ensemble, 7, has a standard chemical potential,
u;, temperature, Ty, activity, a;, activity coefficient, ¥;, and
standard concentration, ¢;, and kg is the Boltzmann constant

. R . .
(which equals N; where R is the gas constant). As written, the
A

unit for u; is energy per entity, where exemplary entities
include a particle, e.g. i = e”, h*, photon, or a molecule, as
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is common in chemistry. Additional details are presented in
Box 1.

While u; includes effects due to all forces of Nature, ie.
gravity, electromagnetism, the weak force, and the strong force,
additional terms are often explicitly added to eqn (2) when
their specific effects can be reasonably approximated or
measured separately from their influence on u; — but effects
cannot be double counted. This is the logic behind eqn (1), which
captures the influence of ¢ on transport at the classical level,**”
and is expanded as follows by substituting eqn (2) into it,

_ VixCix
Hix = M« + kTixIn o + qud).\'
i lectric povental
electric potential term
" ®3)

chemical potential

_ (8Gsys,x>
8”""“ njzisTsys\Psys

where 7; is species ensemble amount - and converts the basis of
energy unit for extensive Gy (i.e. for the entire system) into that
for intensive fi; (i.e. per entity) — and partial derivative subscripts
indicate state functions assumed to be held constant. We indi-

_ 6Gsys
cate fi; = (a—n,
entity, because this condition of constant Ty and psys is common
in chemistry. Analogous relations exist for Ay, Egys, and Hgy, "
when other system state functions are held constant — the
assumption of constant system volume is in particular reason-
able for most semiconductors. Moreover, eqn (3) highlights that

) , as the partial Gibbs free energy per
12, Tsys:Dsys

u; has explicit reference states as #; and c;, while the reference
state for ¢ is implicit. Additional details are presented in Box 2.

Box 1. Reaction thermodynamics and its relation to chemical kinetics
Eqn (2) can be derived using fundamental thermodynamics or statistical mechanics."” It underlies the analogous equation that defines spontaneity of a chemical

. K, K
reaction, r, many of which occur at a constant system temperature, Ty, and pressure, pgy, i.e. AG, = AG; + RTsIn Q, = —RTys In (Q—'> = —RT1n <Q—f),
v

-

where AG, is the molar Gibbs free energy difference upon infinitesimally progressing a reaction to form products at the expense of the reactants.'® This fact is

illustrated by another expression for AG, as the sum of y; for each species ensemble that participates in the reaction weighted by its signed stoichiometric

number, v,'° and multiplied by the Avogadro constant, N, (Fig. 3). Multiplication by N, highlights that it is common to represent free energy as an intensive

property per entity in solid-state physics, while it is common to represent it on a molar basis in chemistry. Also, Q, = [[ a;" is the reaction quotient and K, = Qreq
i

is the equilibrium (eq) constant, meaning when all g; satisfy an equilibrium condition, i.e. AG, = 0, and which in turn defines the standard value for

e Vi
AG? = —RTy In K,."* Moreover, Q' and K/ are the concentration reaction quotient and the concentration equilibrium constant, respectively — Qr = H &
l

and K] intrinsically contains contributions due to ¥; and ;. Also, notably, K = %
Kr backward

K forward

as the ratio of the reaction rate constants in the forward and backward

L K . . . . . . -
directions,"® and therefore, (Q—’/) = (K/0/7") is the analogous ratio of reaction rates — reciprocating @, results in ¢; for reactants of the reaction in the
i

numerator and ¢; for products of the reaction in the denominator. We prefer the phrase ‘rate coefficient’ over ‘rate constant’ to unify its naming convention with

related diffusion coefficient and mass-transfer coefficient. While we appreciate that other so-called ‘constants’, e.g. equilibrium constant and force constant, are

also influenced by local electric potential difference, temperature, etc., we do not rename them as ‘coefficients’ herein. Irrespective, the importance of rate

coefficients, the usefulness of concentration equilibrium constants to mitigate arbitrary choices of reference values, and considerations for choosing standard

concentrations are each described in more detail below.
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Fig. 3 Physicochemical properties in light-to-X energy conversion. The electrochemical potential, fi;, (upper left) defines the free energy of each
species ensemble, /, at any position, x, herein in one spatial dimension. For species transport (solid arrow path), the opposite of the gradient of fi;, as its first
derivative in space, (right) equals the force exerted by the species ensemble, F;, that when divided into thermal energy per entity, kgT;, (right) results in a
signed characteristic length, L; over which the work done by that force equals thermal energy. Division into species diffusion coefficient, D;, (down)
results in species mass-transfer coefficient, 7, that when multiplied by species concentration, ¢, (left) equals species molar flux, N;. The opposite of the
gradient of N, as its first derivative in space, (down) equals the volumetric rate of change of the species concentration, R;, that when divided by ¢; (right)
equals the species rate coefficient, k;. For a chemical reaction, r, (dashed arrow path) that involves multiple species ensembles, the sum of fi; (upper left)
for each species ensemble, i, weighted by its signed stoichiometric number, v; — and the Avogadro constant, N, for conversion to a molar basis — a
specific position, x, (down) equals the molar Gibbs free energy difference, AG,, at a constant system temperature and pressure. The value of v; is positive
for each reaction product and negative for each reactant, and any contribution from ¢ cancels out in the arithmetic because chemical reactions are
charge neutral. Division by the opposite of molar thermal energy (i.e. —RT,), and serving as the power of an exponential, (down) equals (Kf ,’*'), where K]
is the concentration equilibrium constant and Q! is the concentration reaction quotient, and whose numerator and denominator (right) can each be
represented as a unidirectional volumetric reaction rate in the forward (f), R, ¢, or backward (b), R, , direction. Analogous to R;, division of each R, by ¢; for
each species involved in that direction of r, and raised to its respective v, (right) equals the respective unidirectional reaction rate coefficient, k.. The
symbol B stands for the expression in the preceding box and the symbol O stands for i (for species transport) and r, f or r, b (for a chemical reaction in its
respective forward or backward direction). The unit for each parameter is reported in Tables 1 and 2.

Box 2. Electrostatics and reference states
While changes in qb at the classical level (eqn (3)) are often sufficient to explain observations in light-to-X energy conversion, this approximation is likely

inaccurate when the magnitude of ‘;ﬁ is large, meaning electric fields are large, resulting in, for example, Stark effects,'® enhanced rates of heterolytic water
X

929 and/or increased species conductivities.*' Thus, while eqn (3) separates some effects due to g; and ¢, it does not separate all of them —

dissociation,
electrostatic effects of ¢ inherently influence g; at the quantum mechanical level. This is compounded by the fact that ¢ is mathematically dependent on the
spatial distribution of all charged species, via the Poisson equation,?” and where the spatial distribution of each species in influenced by its g; — the
interdependence of ¢ and p; makes it difficult to intuit mechanistic details of processes in light-to-X energy conversion. An additional point arising from eqn (3)
relates to reference states — p. describes the reference state for p; yet there is no formal indication of a reference state for ¢. While a spatially invariant
reference state for ¢ can be defined,>*** for the purposes of light-to-X energy conversion such a definition is unimportant. This is because ¢, as defined in
eqn (3), only affects mass-transfer fluxes and, as described in Section II.A below, its influence always depends on a difference in ¢ between two positions — this
means that a chosen reference value cancels out in the arithmetic. But why then does eqn (3) include a reference state for p; as p;? This is because, in addition to
affecting mass-transfer flux between positions, g; also defines reaction free energy differences at each position via stoichiometry-weighted sums of u; for several
different species ensembles (Box 1). This combination of u; means their relative values, including those of their reference states for x; based on chosen ¢; must
be consistent with the appropriate, experimentally-verifiable thermodynamics of each reaction. These outcomes are a consequence of ¢ being defined at the

system level, while p; is defined for each species ensemble.
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The thermodynamic relations indicated by eqn (1)—(3) moti-
vated us to recast the traditional band diagram in terms of solely
free energy contributions, ie. not internal energies, as an
analogous electrochemical potential diagram (Fig. 2a) that
can then be easily expanded to a comprehensive electrochemi-
cal potential diagram (Fig. 2b) — it illustrates several free
energy contributions that dictate overall spontaneity, and there-
fore effectiveness, of photoinduced charge separation. This
approach complements the traditional solid-state physics
representation with one that is more chemical in nature.

Il. Physical interpretations of transport
A. Transport of mobile charged species by associated forces

As described above, the spontaneity of a transport process for a
species ensemble, i, in one spatial dimension, x, is captured by

. of; . . .
the gradient of fi;, as 8—’ Inspection of the unit for this factor,
X

per entity (i.e. Joules per distance, or equivalently 10~ New-
tons, when J em %), shows that it can be considered a force of
opposite sign, F;. The sign of this force wholly defines the net
direction of mass transfer for that species ensemble. But to
quantitatively determine the net magnitude of mass transfer for
that species ensemble - which is the critical property required
to understand charge separation - its diffusion coefficient (D;;
unit: em® s~ ') and ¢ (unit: mol em > = 10~ M) are needed.
This is clear from the following equation, which defines the net
molar mass-transfer flux for a species ensemble (N; unit: mol
em™> s7') along one spatial dimension, x, through a cross-
sectional area (unit: em?),*

7D1'..\'Ci X aﬁi‘x
ks T;x ox

—Fi‘x Di"\'( M C
= UjxCix = Cix = MjxCix
kB Ti“\‘ LLx
(4)

Ni,x =

ks T;
where ( BF ') is a signed characteristic length (L; unit: cm)
i

over which the difference in j; is equal to thermal energy per
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entity, i.e. kgT;, and <%> is a mass-transfer coefficient (7;; unit:
1
cm s~ '), whose unit is consistent with a velocity. Each symbol was
chosen to uniquely identify a parameter and each unit was chosen to
aid in dimensional analysis, even though some are less common
(Tables 1 and 2) — this is a consequence of simultaneously
presenting ideas from multiple disciplines where the same symbol
is used for different parameters, e.g. J for current density and mass-
transfer flux, k for rate coefficient and mass-transfer coefficient, e
for the mathematical constant and elementary charge.”® (Sub-
scripts used herein are reported in Table 3.) Irrespective, dimen-
sional analysis for D; reveals that each length dimension of the
cm” portion of its unit is along the same Cartesian coordinate, and
therefore, it does not represent an area — D is statistically half of
the mean squared displacement in one spatial dimension, mean-
ing the variance in position, over time.>> Moreover, the product of
¢; and either D; or m; are reminiscent of equations for mass action
in chemical kinetics, where D; and m; are replaced by the rate
coefficient (/\,/.; unit: M(lfunidirectionaltotalreactionorder) Sfl) for reac-
tion, r. These three parameters, ie. diffusion coefficient as D;
(em® s '), mass-transfer coefficient as 7 (cm s '), and rate
coefficient as k, (M(lfunidirectionaltota]reacﬂonorder) Sil), (Flg 3, I'ight
column) are important when trying to rationally innovate in light-
to-X energy conversion, because each alone introduces dynamics as a
frequency (i.e. s') to net undergo any process — for thermally-
activated processes, each of these parameters can also be
reasonably described by an Arrhenius expression.>” Moreover,
species free energy as ji; (J entity '), force as F; (J cm™ " entity ),
characteristic length as L; (cm), flux as N; (mol cm ™2 s~ %), and
rate as R; (mol cm ™ s™") (Fig. 3, clockwise path) are physico-
chemical properties that are presented throughout this tutorial
to help clarify and explain mechanisms of photoinduced charge
separation and light-to-X energy conversion. Additional details
are presented in Box 3.
Substitution of eqn (3) into eqn (4) leads to the following
more detailed equation for the net molar flux of mass transfer
for a species ensemble,

Di xCi x 8”; x Jdln Vix a In C; X Oln Cix 8¢ ¢ VixCix 8Tl X
Niy = =& B Tt 4 kg Ty ¥ en T Sl cc Y (Y P (A [N L 5
ix kB T,\ Ix BLix O + kB ix Ix BLix O iq Ox + Bin (';' . i9i,x I ( )
) N b A
F; partitioning,x F; diffusion x F; arift x

Box 3. Conductivity and mobility

Fj thermodiffusion,x

The importance of the product D;¢; is recognized in the context of performing electrical work by its role in defining the species ensemble conductivity (c;; unit:

222 2 212 .
Q-1 Cmfl] 56 ot q"NaDixciy _ G FD;;cix 15,25
’ b kp T x Rl

where the two z,q (or z;F) factors convert (i) thermal energy, due to kgT; (or RT;), into its electrical

equivalent voltage, V;, and (ii) mass-transfer flux, due to D;¢;, into its electrical equivalent current, I;, which when divided by cross-sectional area is equal to

current density, J; = z;FN;. The equation for ¢; also supports that it is directly related to species ensemble mobility (#; unit: cm* s~

nonmetallic, i.e. nondegenerate, doped semiconductors and low ionic strength electrolyte phases, 1, = =

relation.'??"2°

Energy Environ. Sci.

1 v"), because for

_|zilgDi _ |zi|ED;

e based on the Einstein(-Smoluchowski)

kg T;

This journal is © The Royal Society of Chemistry 2026


https://doi.org/10.1039/d4ee05115g

Energy & Environmental Science

View Article Online

Perspective

Table 1 English symbols chosen to represent quantifiable properties, and indicated common unitst

English symbol Unit Description

a — Activity

A ] Helmholtz free energy (for a system)

c molem ?=10"°M Molar concentration

¢ mol em ™ =107° M Standard molar concentration

d cm Distance

D em®s ! Diffusion coefficient

E J or J entity ™" Internal energy (for a system or a band diagram)
E Vem ™! Electric field

Ep J entity ™ (Quasi-)Fermi level (for a band diagram)

E” \Y Formal potential

f J em ™2 entity ! Force constant

F C mol " Faraday constant

F Jem ' entity ' = 107 % N entity " Force

G Jor ] mol™* (Molar) Gibbs free energy (for a system or a reaction)
G° J mol™? Standard molar Gibbs free energy (for a reaction)
G” J mol™* Standard molar concentration Gibbs free energy (for a reaction)
H ] Enthalpy (for a system)

I A Current

I mol cm 25! Molar photon flux

J Acm™? Current density

I M(l — unidirectional total reaction order) S—l Rate coefficient

ks J K ! entity Boltzmann constant

K — Equilibrium constant (activity-based)

K M(net bidirectional total reaction order) Concentration equilibrium constant

l cm Characteristic absorption length

3 cm Characteristic thermal force gradient length
L cm Characteristic thermal force length

m ems ! Mass-transfer coefficient

n entity Amount

N mol em™? s~ Molar mass-transfer flux

Na entity mol Avogadro constant

p atm Pressure

q C entity™! Elementary charge

Q et bidirectional total reaction order) Reaction quotient (activity-based)

Q' Mnetbidirectionattotatreaction order. Concentration reaction quotient

R molem 3 s '=107°Ms ! Molar rate

R JK ' mol™ Gas constant

S J K" entity™* Seebeck coefficient

t S Time

T K Temperature

14 \Y Voltage

z — Charge number

tProperties that are dimensionless are marked with ‘—’ in the Unit column.

Table 2 Greek symbols chosen to represent properties, and indicated common units¥

Greek symbol Unit Description

o em ™! Linear Napierian absorption coefficient
Y — Activity coefficient

0 — Partial derivative

A — Difference

€ M 'em™! Molar decadic absorption coefficient

€ Fem '=CVv'em™ Static permittivity

I em?s vt Mobility

u J entity ™" Chemical potential

I J entity " Electrochemical potential

u J entity " Standard chemical potential

w J entity ™" Standard concentration chemical potential
v — Stoichiometry number

P Cem™® Charge density

¢ Sem'=Q'em™! Conductivity

¢ — Quantum yield

1) A% System electric potential

tProperties that are dimensionless, or should not have a unit, are marked with ‘—’ in the Unit column.
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Table 3 Subscript symbols chosen to represent properties
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Subscript symbol

Description

i
%
J
r
7

X
x/

A

vb, edge
cb, edge

vac, local
vac, infinite

Generic species ensemble index

Specific species (or photoabsorber) ensemble index
Second specific species ensemble index

Generic chemical reaction (or process) index
Second chemical reaction (or process) index

Generic position
Second position

Photon wavelength

Valence-band edge
Conduction-band edge

Electronic vacuum state located just outside the system
Electronic vacuum state approaching an infinite distance away from the system

A Avogadro

B Boltzmann

F Fermi

sys System

forward (f) Forward reaction direction

backward (b) Backward reaction direction

eq Equilibrium

light Photoinduced

noneq Nonequilibrium

ss Steady state

X Free energy contribution

partitioning Partitioning associated with chemical interactions
diffusion Diffusion associated with mixing

drift Drift (migration) associated with classical electrostatics
thermodiffusion Thermodiffusion associated with thermal effects
electropartitioning Electropartitioning associated with partitioning and drift
statistics Statistics associated with diffusion coefficients

gen Generation (reaction)

rec Recombination (reaction)

max Maximum (photovoltage)

ES Electronic excited state

GS Electronic ground state

e Conduction-band electron

h* Valence-band hole

D, D" Reduced and oxidized donor species, respectively
AT A Reduced and oxidized acceptor species, respectively
sc Semiconductor

H,0 Water

em Emission

abs Absorption

obs Observed

o Incident

Although somewhat cumbersome, we find this equation to be 1,

particularly insightful, because it defines species transport as a

species ensemble depends solely on 9 ' and therefore F;
X

summation of flux contributions, each dependent on ¢i, whose (eqn (4)), we find it helpful to identify within eqn (5) subsets
underlying properties can be measured experimentally. Recalling of net forces acting on a single species ensemble. This includes
that the net direction of spontaneous mass transfer for each a force due to what we generally describe as spatially varying

Energy Environ. Sci.
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chemical interactions, and which result in partitioning,
Fi partitioning, such as bonding (e.g. hydrogen bonding, hydro-
phobic effect, quantum mechanical considerations), interfacial
effects (e.g. dipoles, sterics), available microstates (e.g. state
multiplicity, degeneracy), etc. Eqn (5) also includes a force that
represents net diffusion, F; qiusion, which underlies the entropic
process of mixing, and a force due to electric fields that results
in drift, F;q4r, as predicted from classical electrostatics. The
last force in eqn (5) arises from spatially varying temperature,
which results in thermodiffusion, F; thermodiffusion, and includes
an additional entropic term that is a direct consequence of

oT; . .
nonzero a—' and species Seebeck coefficient based on energy,

5:.'° For simplicity, moving forward we make the common
assumption that system and species temperatures are equal,
such that Ty = T; = T, and are constant in space and time, ie.
F; thermodiffusion = 0, collectively enforcing the system to be at
thermal equilibrium — we hope that this does not discourage
curious researchers from considering nonzero F;hermodifusion
when innovating in light-to-X energy conversion.® Also nota-

. , . )D;
bly, even though D; can vary in space, i.e. with nonzero % a
X

eqn (5) does not include its differential contribution, as a

. . /T
respective force, because the only differential is a”i’ (eqn (4))

and [i; does not depend on D; (eqn (3)).

B. Regrouping terms aids in interpretation

In total, p;, ¢;, and ¥; in eqn (2), (3) and (5) can be combined as
u; , the standard concentration chemical potential (Fig. 2), by
analogy to the concentration equilibrium constant in chemis-
try, K!, and the formal potential in electrochemistry, £2.%° This
mathematical simplification is also physically important — it
overcomes interdependent choices for values of y;, ¢;, and Vi,

resulting in just one thermodynamically rigorous value for 4, .

Box 4. Chemical potential and standard states
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Additional details are presented in Box 4. Based on eqn (3),
this results in a concise definition of fi; as follows,

Hiy = Ui + kgTlnc,. + ziqP,
~—~~ N—— N——
chemical interactions  entropy of mixing  classical electrostatics

single-entity level
ensemble level Sperely eve (6)

o~ ‘
= kgTlne¢, + <,u,- .+ z,-qd)x)
N—— -~ 7

electrochemical interactions

entropy of mixing

where, in the first equality, the concentration units of In(M~*) and
In(M) in the first two terms on the righthand side, respectively,
sum to zero in the arithmetic. Moreover, because the free energy
contributions associated with chemical interactions (first term)
and classical electrostatics (third term) each influence spontaneity
at the single-entity level, e.g. particle or molecule, we group them in
the second equality and define them as electrochemical interac-
tions. This is analogous to what is presented on a band diagram,
with Ecbedge and Evpedge internal energies combined with —g¢
(Fig. 1c). As described below, this grouping of terms is remarkably
insightful and helpful — for this reason we also use it in electro-
chemical potential diagrams (Fig. 2).

Using eqn (6) to simplify eqn (5) results in the following,
which, as we show below, is the critical equation that defines
causes of photoinduced charge separation,

N . — Dix . 8!“1’,\' D e Olne;, zigDiy ) 8¢\
Lx = Cix —LixCix Ci x
kgT ™" Ox PR Oy ks T " Ox
Ni partitioning N diffusion, x N
ensemble level single-entity level (7)
—_D aCi.,\‘ Di._\‘ alﬁf X qa¢‘ 5
O - Zi
Ox  kgT\ Ox ox |
N———r
\’ Tusio
diffusion, x N —
du

Notably, nonzero i is common at phase boundaries,

ox
including at semiconductor-semiconductor junctions, where

The phase in which each species, i, is present influences its value of ;. In solid-state physics, it is common to define ; for each of mobile e~ and h™ in a semiconductor

as Ecpedge and Eyp edge, respectively. This is accurate when the only entropic contributions are those from occupying species microstates, which are inherent to the

chemical potential derived for an ideal gas by ¢; and ¢; (eqn (2))."*° Additional contributions to y; are necessary when mobile charged species behave nonideally.

30-32

Trrespective, this means that for a pn-junction device fabricated from a single semiconductor material, known as a homojunction, y; is generally constant within the

on

semiconductor, i.e. e 0. When different semiconductor materials or phases are used, g; can vary in space, often discontinuously, as described in more detail in

il
X

Section V.B below. Because y; for each species ensemble is a reference state for its chemical potential, its value depends on a reference state for its

concentration, ¢;, with the constraint that a chosen value of ¢; results in the appropriate, experimentally-verifiable value of ;. Once values of p; and ¢; are

identified that meet this requirement, multiple thermodynamically rigorous solutions can be defined, e.g. a ten-fold change in ¢; is accompanied by a change

in p; of kpT(In10). This underscores the need to define ¢; for each species. In solid-state physics, ¢; is commonly set equal to the density of states, or

multiplicity/degeneracy, near FEchedge and Eyp cdee Of a semiconductor - because the value of the density of states is somewhat subjective, Ecb cdge and Eyp edge,

and their difference as Eyg, are as well.'?

To help mitigate this, and out of mathematical convenience, in chemistry, ¢; is commonly set equal to 1 M or, for a

pure phase, the intrinsic concentration, e.g. ~55 M for H,O at standard temperature and pressure. Related, by default ¥; is arbitrarily defined as unity. When

properties of i are influenced by other species, e.g. by adding salt to a phase, ¥; is commonly modified, e.g. using Debye-Hiickel theory, instead of altering us,

although changing either is acceptable.”*
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it dictates equilibrium speciation based on a so-called
concentration equilibrium partition constant, K’; — thus,

9¢

we term this partitioning. Species transport arising from Ix
X

is termed drift, or migration, while that arising from s

Oln C; i
Ox

termed diffusion — recall that Olnc; = 18(',-
ox ¢; Ox

tioning and diffusion arise from the gradient of species

. Together, parti-

. . O
h 1 potential, —
chemical potential, ==

, capturing chemical interactions via

(l;i and mixing via 9lnc , whereas drift captures classical
X
. . 0¢ .
electrostatic effects via ——. Analogous to eqn (6), which
X

reports that terms in band diagrams and electrochemical
potential diagrams are not grouped based on p; and ¢, we
do the same for eqn (7) in the second equality, where we term
them electropartitioning. Notably, this delineation is based
on the following functional dependency of flux in ¢;, and is
exceptionally insightful: (i) linearly, i.e. ¢!, as electropartition-
ing at the single-entity level; (ii) its gradient based on its first

derivative in space, i.e. ?, as diffusion at the ensemble level;
X
and (iii) both ¢! and (¢;ln¢;) as thermodiffusion due to

oT; . .
thermal effects when 5 1§ nonzero in eqn (5). Also, analogous

to how we show that eqn (5) consists of subsets of net forces
acting on a single species ensemble, we identify within eqn (7)
similar subsets of net fluxes: V; dittusion and N electropartitioning, the
latter of which is equal to (V:.riionine + Niarin). Additional
details are presented in Box 5.

Eqn (7) illustrates that there are several ways that flux can
be modified to result in photoinduced charge separation.
Under the assumption that photogeneration rates are spatially
homogeneous, eqn (7) highlights the interplay of diffusion,
drift, and partitioning, as described in more detail in Section
II1.B below. As an example not apparent from eqn (7) - and
also not apparent from eqn (4) and (5) - when a photoabsorber
absorbs light strongly, the assumption of near-homogeneous
photogeneration rates might not hold. In this case, resulting
changes in species concentrations vary significantly in space
such that species flux due to diffusion can exceed that due to
drift. If photogenerated species fluxes due to diffusion differ
between ensembles of mobile e~ and ensembles of mobile h”,
photoinduced charge separation can result from diffusion

Box 5. Drift-diffusion equation

In the case of a semiconductor pn-homojunction, o,

ziqDix 09,

: 9¢ix
Nix = Nigdittusionx + Nidrittx = —D; o e

G
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only, not requiring the presence of band bending, as described
in more detail in Section V.C below.

In preparation for interpreting why photoinduced nonequili-
brium conditions elicit charge separation, we first define a
system to be at electrochemical and thermal equilibrium, mean-
ing N; = 0 in eqn (4), (5) and (7). In this case, the following
relationship holds,

ensemble level
1 8“1’&‘(] X

Ci.gq..\' Ox
6#[ eq,x 8¢eq X

- ox oy (8)
N e N, it

F; drift.eq,x

- l“i.ntii‘i‘miml.cq..\' = kBT

Fi partitic ning.eq.x

single-entity level

= Fi,eleclrommt.ur ng,eq,.x

where it is generally assumed that light-to-X energy conversion

does not alter the spatial distribution of ,u,-/, and thus

%:a‘“’ °d. An important outcome of electrochemical and
ox Ox
thermal equilibrium is 8811’ =0 (eqn (4)), meaning that the

species ensemble exerts no net force, i.e. F; = 0, and thus can
exchange, on net, no heat with the surroundings. This, how-
ever, does not mean that each of the individual entities in the
ensemble exerts no force. Thermal energy drives the motion of
individual entities, which is slowed by collisional scattering
events with dopants, lattice phonons, etc. such that species
velocity is random in all directions."** However, transport of
each entity can still be influenced directionally by electric fields
that predominantly arise from spatial distributions of immo-
bile species bearing opposite charge (Fig. 1b, middle plot). But
why, then, does this transport under equilibrium conditions not
release heat? The answer is that when electropartitioning from
Ni electropartitioning 1S exothermic, i.e. when its spontaneity is not
Oc;

X
by each entity that transports in the opposite direction by
diffusion from N, dirrusion only. And because net transport due

due to

and thus releases heat, this heat is absorbed locally

to NV, difmusion Opposes an exothermic process, it is by definition
endothermic, ie. heat absorbing, a fact that is further sup-
ported by its important role in electroluminescent
refrigeration.*® The combined effects of Nielectropartitionine and
N dittusion SUMming to zero at electrochemical equilibrium as a
reversible isothermal process is the same concept as that

— ¢ and therefore eqn (7) simplifies to the drift-diffusion equation from solid-state physics, ie.

(ref. 12), meaning it is assumed that there is no free energy contribution due to partitioning. The first

term is Fick’s first law of diffusion while the second term can be simplified to N;,arirc = /4E¢; using species ensemble mobility, 4, and illustrating a relation for the mass-

transfer coefficient due to drift, .e. 7 qd:ir.. Adding convective fluid flow to the drift-diffusion equation generates the Nernst-Planck equation,?® underscoring its central

role in chemical engineering processes. The differing functional dependence of each flux term on ¢; is reinforced in this simplified presentation.
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Box 6. Transport equilibration of charged species
We can assume that the constituents that make up any engineered system initially start as charge-neutral species, even if under equilibrium conditions they
dissociate into charged species. Therefore, initially Z_¢ = 0 and only differences in the chemical potential of each ensemble of mobile species, i.e. a"’, dictate
b X

2

can generate a nonzero 5 at electrochemical equilibrium, but only when a system contains charged
X

spontaneity (eqn (1)). Spontaneous transport due to % =
species that are mobile, e.g. e~ and/or h* with nonzero D;, and charge-compensating species that are immobile, e.g. ionized dopants with D; = 0. This results in
a spatial charge imbalance due to immobile species (Fig. 1b, top plot), meaning that there is an electric field that drives mobile species transport as drift
(Fig. 1b, middle plot) with F; 4:in = —(?', partitioning - Fj (mm\,km). For the case of a semiconductor pn-homojunction, which has both mobile and immobile charged
species but F; .iionine = 0, electrochemical equilibrium results in F;drire = —F; gimusion. In this case, eqn (8) simplifies to a solution of the drift-diffusion
equation (Box 5). If, instead, each ion in a charge-neutral pair is immobile, i.e. D; = 0 or T =0, neither species will spontaneously transport, and thus the initial
charge-neutral state will remain unchanged. Alternatively, if each ion is mobile, i.e. nonzero D; - as is the case for an ion-exchange membrane separating two

aqueous electrolytes described in Section VI.A below - each ensemble of ions will spontaneously transport, ultimately reaching an equilibrated charge-neutral

Perspective

— X partitior

state, with F; girusion =
operative at electrochemical equilibrium.

invoked for a microscopically reversible chemical reaction at
chemical equilibrium, as described in more detail in Section
IIL.B below. This illustrates the importance in differentiating
ensemble-level forces due to diffusion from single-entity-level
forces, highlighting the value of expanded eqn (5) and (7) in

B
ox
shown. Moreover, eqn (5) clarifies the physical processes that are
responsible for photoinduced charge separation, which we deem
important to curious researchers who aim to understand the role of
band bending, and related contributors, in light-driven production
of electricity and/or chemicals. Additional details are presented
in Box 6.

=0 is

comparison to most-concise eqn (4), where only

lll. Causes of photoinduced charge
separation
A. Effects of photon absorption

By thoroughly describing processes that occur at electrochemi-
cal and thermal equilibrium, we have set the stage to explain
how absorption of sunlight results in charge separation. To do
this, first assume that absorption of light to generate charge-
neutral e -h" pairs occurs with an equal probability, ie.
homogeneously, across a region with significant band bending.
Moving forward we refer to absorption of photons that generate
nonequilibrium species concentrations simply as ‘absorption
of light’ without distinction from equilibrium blackbody radia-
tion, unless the distinction is required for understanding.
Notwithstanding, homogeneous absorption of light is a reason-
able approximation because band bending typically occurs over
a relatively small region of the photoabsorber, thus limiting
its ability to absorb a significant amount of incident light.
This means that, under a hypothetical condition where the
rate of species generation due to absorption of light is much
faster than the rate of species transport, ¢ increases by
approximately the same amount at each location within the

band-bending region — therefore, its slope, ie. dci in eqn (7),

changes little from its value in the dark (Fig. 4a). This is very
important — species flux due to diffusion, N ditusion, is unaffected

This journal is © The Royal Society of Chemistry 2026

ine, as defined for chemical equilibrium. This shows that either zero, two, or three types of opposing forces in eqn (8) are

by homogeneous absorption of light. Also, immediately after
photons are absorbed to generate charge-neutral e -h" pairs
- and before they transport - the spatial distribution of charges

¢

is unchanged, and thus, via the Poisson equation, Bx in
X

eqn (7), i.e. band bending, is also unchanged from its value at
electrochemical equilibrium (Fig. 4b). This means that species
forces in eqn (8) due to drift, F;avir., and partitioning

partitioning

— and therefore electropartitioning, Ficlecwopartitioning — are each

unaffected by absorption of light. In fact, this is true even when

absorption is inhomogeneous, as described in Section V.C

below. As such, the only factor in eqn (8) that changes when
C . . . .

light is absorbed is — and, because it necessarily decreases, its

C;i
8(’,‘
means that the ensemble net

multiplication by unchanged

force due to diffusion, F;giruion, decreases in magnitude
(Fig. 5a). This is an interesting way of viewing this critical
outcome — homogeneous absorption of light does not

affect electrochemical forces at the single-entity level,
Fi clectropartitioning, consisting of drift, F; qrirr — which originates
from band bending — and partitioning, F; .riioning, but rather

photoinduced charge separation is a result of a weakening of the
force due to diffusion at the ensemble level, ¥ qitrusion. This is clear
from the decrease in the slope of the free energy contribution
due to diffusion in Fig. 4b and thermodynamically means that
the driving force for net diffusion is smaller during homoge-
neous absorption of light. Recasting this effect as its influence
on species flux via eqn (7) — which is ultimately the property
that dictates whether photoinduced charge separation occurs —
paints a different picture, but necessarily with the same out-
come. In this view, because only ¢; increases when light is

8“;“ ;
Ox “ox
that there is an increase in species flux due to electropartition-
ing at the single-entity level, Njclectropartitioning, as partitioning,
N partitioning, and/or drift, N; drir (Fig. 5b). In this case, flux due to
diffusion at the ensemble level, N dirrusion, is unchanged,
because the increase in ¢ perfectly opposes the decrease in

absorbed (Fig. 4), its multiplication by +z means
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Fig. 4 Effects of spatially homogeneous absorption of light on electron concentration and free energy, prior to any photoinduced charge
transport. Alternative depictions of properties of the semiconductor pn-homojunction described in Fig. 1 and color-coded analogous to Fig. 2. They
show the hypothetical outcome when a spatially invariant rate of photon absorption generates a nonequilibrium concentration of mobile electrons
(Ci;noneq = Cijeq + Cilight) that cannot transport. This assumes the temporary initial condition that D; = 0 under illumination — subsequent relief of the
D; =0 condition would ultimately result in transport of e~ to the right. (a) Equilibrated and illuminated concentration diagram focusing on the p-type

(?L‘,'

ox
conditions. (b) Equilibrated and illuminated electrochemical potential diagram based on Fig. 2b, illustrating the region of data shown in panel a (blue box),

albeit in a different mathematical form, and showing that respective free energy contribution, X, increases for each of ¢ and fi;, while that for (;l,. - q¢)

region, showing that the gradient of the e~ concentration, , i.e. the slope of ¢;, remains unchanged from equilibrium (eq) to nonequilibrium (noneq)

remains unchanged. Electrochemical interactions are represented by (;l, — q¢) in the functional form of two half-parabolas based on the assumption of
an abrupt pn-homojunction under the depletion approximation.*? Nonequilibrium conditions are only shown — using thick lines — at positions where

they differ significantly from equilibrium conditions. While not shown, in each panel analogous distributions exist for holes (h*).

F; gitrusion. Physically, this means that a weaker net force for
diffusion acting on more entities results in an identical
diffusive flux.

The combined effect of unchanged species flux due to
ensemble-level diffusion, V,difusion, and increased species flux
due to single-entity-level electropartitioning, Nielectropartitioning
(Fig. 5b) - or equally, unchanged species force due to
single-entity-level Ficlectropartitioning, and
weakening of the species force due to ensemble-level diffusion,
Fidirusion (Fig. 5a) — explains why band bending results in
photoinduced charge separation. It also mathematically
shows that band bending can, in fact, cause photoinduced
charge separation via a flux argument, and also indirectly based
on a force argument. Details of Fig. 5c are described in Section

V.B below.

electropartitioning,

B. There are many ways to separate mobile species

Building on the explanation of how band bending, and more
generally electropartitioning, can cause photoinduced charge
separation, it is important to highlight that partitioning can
also elicit the same response in the absence of classical
electrostatic effects. This is apparent from eqn (7), which shows
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that photoinduced charge separation can occur due to nonzero

/

%, and thus nonzero Fi.mrl;iim‘;;n; and \vx.lhu‘liu«mm;- For
Ox
example, by assuming no band bending at electrochemical

9¢

X

=(, and instead L(?;_z, is nonzero and

z;q Ox

an exact replica of traditional band bending for each of e~ and
h*,' photoinduced charge separation will result from e~ and h*
fluxes due to partitioning, N partitioning — homogeneous absorp-
tion of light will still not influence equal and opposite fluxes
due to diffusion, N, gifrusion, for the same reasons as described

equilibrium, ie.

above regarding eqn (7). And since ;. contains contributions
from y:, Vi, and ¢;, this means that species ensembles with

o, %, and/or 9 (eqn (5)) - even when species are
Ox Ox

not charged - can undergo photoinduced species transport,
again where at electrochemical equilibrium there is an equal
and opposite flux due to diffusion. This, however, does not
guarantee photoinduced charge separation, unless there is a
difference in the magnitude of spontaneity for transport of
mobile e~ and h", or a difference in their diffusion coefficient,

D;, as described in Section III.C below. This emphasizes the

nonzero

- )
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Fig. 5 Effects of spatially homogeneous absorption of light on electron force and flux, prior to any photoinduced charge transport. Alternative
depictions of properties of the semiconductor pn-homojunction described in Fig. 1 and color-coded analogous to Fig. 2. They show the hypothetical
outcome when a spatially invariant rate of photon absorption generates a nonequilibrium concentration of mobile electrons (Cjnoneq = Ci,eq + Ci,light)
that cannot transport. This assumes the temporary initial condition that D; =0 under illumination — subsequent relief of the D; =0 condition would
ultimately result in transport of e~ to the right. (a) Equilibrated and illuminated force diagram, where force, F;, is the opposite of the gradient of the
respective free energy contribution, X, from Fig. 4b and therefore, each varies linearly in space, i.e. consists of diagonal lines, like that in Fig. 1b (middle
plot). This shows that over the band-bending region, the magnitude of the net force due to diffusion (diff), Fidirusion, decreases while the force due to
electropartitioning (elpa), Ficlectropariiioning, @s both partitioning and drift remains unchanged, resulting in net transport dominated by electrochemical
interactions and therefore, photoinduced charge separation. (b) Equilibrated and illuminated flux diagram focusing on the p-type region, where flux, N; x,
is the product of ¢; (Fig. 4a), F; x (panel a), and the diffusion coefficient, D;, divided by thermal energy, kgT. This shows that over the band-bending region,
flux due to elpa, Niclectropartitioning, iNcreases while net flux due to diff, Nidirtusion, remains unchanged, again, resulting in transport dominated by
electrochemical interactions and therefore, photoinduced charge separation. (c) Photogenerated flux diagram for each of electrons and holes, where the
distribution of net photogenerated species flux due to elpa is directly proportional to its force, Ficlccrroparitioning, (panel a) and, in the case of a pn-
homojunction, is directly proportional to equilibrium system electric field, E (Fig. 1b, middle plot). In each panel, nonequilibrium (noneq) conditions are
generally only shown — using thick lines — at positions where they differ significantly from equilibrium (eq) conditions. Also, while only shown at the
bottom of panel ¢, in each case analogous distributions exist for holes (h*).

9¢
X
drive oppositely charged mobile species in opposite directions.

5;(1-/
E’
can still drive photoinduced charge separation. In fact, this is
Ok
ox
J = mobile e". In this case, a specific spatial distribution of
immobile charge-neutral dopants that thermally generate mobile

e, and thus a nonzero N dgiftusion, that from the outset defines a

a(/)ZOzmd%:Ofor
Ox

all other species ensembles, e.g. j/ = mobile h' (Fig. 6a). In this

case, charge separation is possible when absorption of light is

spatially homogeneous, but only due to net transport of e,

which, as described in Box 2, will modify overall charge distribu-

9¢

)

uniqueness of electrostatic forces, i.e. nonzero ——, which inherently
Notwithstanding, a force due to partitioning, i.e. nonzero

possible when is nonzero for only one species ensemble, e.g.

X

state of chemical equilibrium, such that

tions, altering and therefore influencing drift of each mobile

charged species. However, the likelihood of achieving even near-

homogeneous absorption of light is low, because each of y,./ and

of . o, . o
p; are influenced by densities of states, ie. ¢; and c;, and

J
internal energies that generally influence optical properties.

If, however, the flux due to diffusion, /; dgirusion, is equal to
zero at electrochemical equilibrium, yet there are equal

and opposite fluxes due to partitioning and drift, ie.

This journal is © The Royal Society of Chemistry 2026

N partitioning = —Nidritt, homogeneous absorption of light will
not result in photoinduced charge separation. Although fabrication
of such a construct is nontrivial, mathematically it is clear that band

9¢

o does not guarantee photoinduced
X

bending alone, ie. nonzero

charge separation. This outcome is because partitioning and drift,

/

9% and g—¢, respectively, have the same functional
X

ox
dependence on concentration, Le. linear in ¢, which differs from

that of diffusion, ie. due to ZC,'
X

Le. due to

(eqn (7). This difference in the

Sfunctional dependence on ¢; is what defines when photoinduced charge
separation can occur during homogeneous absorption of light: it can,
when ensemble-level diffusion is significant, but it cannot, when
net ensemble-level diffusional flux is insignificant and single-entity-
level fluxes due to partitioning and drift are equal and opposite,
meaning that Fi.eleclm]\ummmng =0 and Ni.eleclrop;u'::\mwung = 0. This
further justifies the grouping of terms in eqn (6)~(8), band diagrams
(Fig. 1c), and electrochemical potential diagrams (Fig. 2).

C. Selective contacts are what really matter

It is important to introduce another common phrase, ‘selective
contact”’, which means that one region or interface of a device
imparts preferential directionality to transport for one species
ensemble over another, i.e. an asymmetry,' like a semiperme-
able membrane.' Band bending generally forms one type of
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Fig. 6 Selective contacts facilitate photoinduced charge separation. Depictions of properties of equilibrated semiconductors (sc) with standard concen-
tration chemical potential for mobile electrons (e7) and/or holes (h*), 4, ', that vary in space, along with concentrations of immobile dopants. Such a system can
reach electrochemical equilibrium (eqg) while maintaining a spatially invariant system electric potential, ¢. (a) Equilibrated (electro)chemical potential diagram

similar to that in Fig. 2b but for a semiconductor pn-heterojunction with graded ;l/.', and dopant concentration, for mobile e only and showing species

9¢

concentration, ¢;, and no band bending at chemical and thermal equilibrium, i.e. 8_ = (). as indicated by no purple coloration, such that a spatially invariant rate
X

of photon absorption to generate nonequilibrium concentrations of mobile charged species (not shown) would result in transport of only mobile e, and to the
right. Electrochemical potentials, fi; are not shown because system electric potential, ¢, is spatially invariant and thus free energy contributions due to ,l/.' and ¢;
alone result in the condition of chemical equilibrium as indicated by a spatially invariant chemical potential for each of mobile e~ and h™, g; = fi;. (b) Equilibrated
(electro)chemical potential diagram similar to that in panel a but for an undoped intrinsic semiconductor with graded ;l/.', and dopant concentration, for mobile

e~ and equally and oppositely in space for mobile h* and with differences in diffusion coefficient, D;, illustrated by different repeated free energy barrier heights
@ =(.yeta
ox

spatially invariant rate of photon absorption to generate nonequilibrium concentrations of mobile charged species (not shown) would result in transport of each
species ensemble to the right, but where mobile e~ will travel faster than mobile h*. And again, ji; are not shown because ¢ is spatially invariant. (c) Zoom in of

that are most consistent with thermally-activated hopping transport. Again, there is no band bending at chemical and thermal equilibrium, i.e.

panel b (blue circle) showing the region where transport of e is fastest as an ensemble average continuous ;l/.' (solid thick curve) and a transport-based reaction
coordinate diagram (solid thin curve) that includes the free energy difference from an initial state, x5, to a final state, x,, for transport, Al’," as well as to the

transition state in the forward (f) direction, Ay; ., and to the transition state in the backward (b) direction, Ay; .

selective contact, because it drives mobile species of one charge
type, e.g. negatively-charged e, in the opposite direction of
mobile species of the other charge type, e.g. positively-charged
h', during homogeneous absorption of light. This alone makes
the phrase selective contact confusing — such a property does
not even require the existence of a contact, e.g. an interface or a
junction. Moreover, similar to how band diagrams do not
directly depict gradients of species concentration, ¢;, standard
concentration, ¢;, and activity coefficient, ¥;, they also do not
depict every type of selective contact. Band diagrams only defini-
tively depict selective contacts due to band bending, omitting
selective contacts that form due to most other forces. This is
because, unsurprisingly, selective contacts rely on all terms in
eqn (5) and (7), and all terms are not depicted directly on band
diagrams.>® This poses a challenge when trying to rationally
innovate in light-to-X energy conversion, because band dia-
grams and other related diagrams (Fig. 1c, 2, 4 and 5a) omit
what could be useful information — this information is
included indirectly in flux diagrams (Fig. 5b and c).
Photoinduced charge separation is in fact possible when, at

electrochemical equilibrium, forces due to partitioning are equal for
%, yet % =0.

o
Ox  Ox Ox

ox

two species ensembles, i.e. due to nonzero

Energy Environ. Sci.

This means that Fj partitioning = Fi/partitioning, and therefore there
is equal and opposite Fjdirusion = Fjairusion (Fig. 6b). In this
case, a band diagram and other related diagrams (Fig. 1c, 2, 4
and 5a) suggest that photoinduced mobile e~ and h* transport
in the same direction driven by an equal force due to partition-
ing — it does not seem like charge separation could result from
homogeneous absorption of light. However, this may not be the
case, because as is clear from eqn (4), (5) and (7), concentration,
¢;, and diffusion coefficient, D;, of each species ensemble also
play important roles in forming selective contacts via their direct
relation to species ensemble flux, N;, as well as species ensemble
conductivity, o; (Box 3). But nonequilibrium ¢; alone cannot
result in a selective contact that facilitates photoinduced charge
separation because the number of photogenerated e~ and h' is
the same — in fact, in this case charge separation does not even
result from inhomogeneous absorption of light, e.g. when absorp-
tion follows the Beer-Lambert law. However, when D;# Dy, a
selective contact exists for the species ensemble with the larger
D;, even though both species ensembles transport in the same
direction by what is known as ambipolar transport.*® This is a
very important point because each process is linearly related to
¢, yet a selective contact and photoinduced charge separation
can only result because the value of D; differs for each species
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ensemble — D; is the critical parameter that introduces dynamics,
a fact that is clear from its unit, which includes ‘“seconds’.
Illustrating this requires that band diagrams (Fig. 1c), and
electrochemical potential diagrams (Fig. 2), include activation
energies, and free energy barriers, respectively, for transport to
show that D; differs between mobile e~ and h*. We depict this
in Fig. 6b and c to represent a resistance to transport, but it only
accurately describes thermal activation when processes are
reasonably described by an Arrhenius expression, and thus
not typical transport behavior in crystalline semiconductors and

metals.'” Moreover, in addition to showing ;. in Fig. 6c, as is

common in chemistry, we also prefer to show terms related to ¢;
and p; so that it is unsurprising, and clear, how such a transport-
based reaction coordinate diagram can represent the condition
of chemical equilibrium. We think that such a practice would
also aid chemists in visualizing conditions of chemical equili-
brium in traditional reaction coordinate diagrams.

Notably, the directionality of a selective contact is not influ-
enced by D;, because the net direction of mass transfer for a
species ensemble arises from the sign of the force itself, and when
the force is electrostatic, direction also depends on the sign of the
species charge. This is the reason that band bending alone, ie.

nonzero g_(i, generally forms a selective contact that drives photo-
induced charge separation when species are oppositely charged.
However, these species must be mobile, i.e. with nonzero D;, and
any force due to partitioning cannot be equal and opposite of that
due to drift, i.e. Fi paritioning # — Fidriti. The important point here is
that a selective contact defines the effectiveness of photoinduced
charge separation, requiring knowledge of the full eqn (5) and (7),
i

0
and not just a—’;, as reported in equivalent eqn (4).
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In summary, homogenous absorption of light generates none-
quilibrium species concentrations, ¢i, that result in charge separa-
tion because of a contribution to species flux that is linearly related
to ¢i andjor differences in D; for two ensembles of mobile species.
But this only occurs because of the impact of photogenerated
concentrations, Cilight, and not equilibrium concentrations,
¢ieq, whose contributions to net flux are zero by the definition
of equilibrium — recall that Cinoneq = Cieq T Cijlight. Even
though ¢ieq can be relatively large, e.g. Cieq = Cilight, and can
differ - even spatially - between that for e~ and h*, values of ¢i.cq
do not influence photoinduced charge separation. In fact, the
value of Cilight alone does not influence initial photoinduced
charge separation, because it is the same for e~ and h" since
they are photogenerated in an equal 1:1 stoichiometry, unless
absorption of light is inhomogeneous, as described in more
detail in Section V.C below.

IV. Photogenerated free energy and
performing useful work
A. Generating the steady-state condition that performs useful work

Thus far we have explained causes of photoinduced charge
separation in light-to-X energy conversion devices. While this
aids in determining the maximum rate of light-to-X energy
conversion, alone it does not dictate the maximum amount of
useful work that can be performed — free energy differences
underlie each, depending principally on reaction rates.
Together, photon absorption rate (or flux) in the light and in
the dark dictate the maximum amount of useful work that can
be performed. Because the probability of photon absorption
depends on system absorptivity and reflectivity, important

Box 7. Thermal and chemical equilibration and internal energies
The thermodynamics of a light-to-X energy conversion device are analogous to a heat engine — as heat flows spontaneously from a hot reservoir, e.g. the Sun, to
a cold reservoir, e.g. the Earth, the engine uses some of the energy in the heat to perform useful work, up to a maximum that is free based on the Second Law of

Thermodynamics. This heat transfer occurs by three mechanisms: convection, conduction, and radiation — only radiative heat transfer must strictly occur, e.g.
for a system in a vacuum. Under this so-called radiative limit, the minimum number of processes that all matter undergoes is three, together constituting

reversible exchange of radiation between a system and the surroundings: photon absorption, spontaneous photon emission, and stimulated photon emission.*®
When these processes result in thermal equilibration between a system and the surroundings, or a steady-state condition, the rate of species generation

(creation/gain/formation) is equal and opposite to the rate of species recombination (annihilation/loss). Stimulated photon emission is negligible in systems not
designed to undergo lasing, and thus we make the common assumption of omitting it for simplicity, as is the case in nearly all models and simulations of light-

to-X energy conversion. The most important process, as it relates to light-to-X energy conversion, is when a photoabsorber, e.g. semiconductor or dye molecule,
absorbs a photon that promotes an electron between orbitals — conservation of energy requires that the energy of the photon is transferred to the system. This

process even occurs in the dark, where species are at thermal and chemical equilibrium and none of the energy from absorbed photons is freely available to
perform useful work. The inequality of differences in free energy and internal energy is also typical for chemical reactions - except those with constant system

entropy — where AG is solely responsible for reaction spontaneity at a constant system temperature and pressure, independent of differences in internal energies

due to electronic orbitals, vibrational levels, etc.** This is a reminder that differences in each of internal energy and f:." are not direct indicators of the amount of

useful work that can be performed, even though depiction of bandgap energy on a band diagram might suggest otherwise. It also means that while photons must

be absorbed in order for them to help perform useful work, beyond that, photon energy is, in general, unimportant. To further complicate the use of band
diagrams to aid in the development of rational innovations in light-to-X energy conversion, they are dominated by internal energies and bands of states (Fig. 1c),
including that of the valence-band edge, Evbcdze = Ertomo (HOMO stands for highest occupied molecular orbital), conduction-band edge, Ecbedge = ELumO

(LUMO stands for lowest unoccupied molecular orbital), and bandgap, Evg = Ecbedge —

Ebedge = ELumo — Enomo = Ego (00 stands for the difference in HOMO-

LUMO zero-point energies). But bands of states are not even necessary to achieve photoinduced charge separation or light-to-X energy conversion, such as when

using photoabsorbers based on amorphous inorganic or polymeric semiconductors, solution-phase molecules, etc. Irrespective, even molecules have additional
energy states above their LUMO and below their HOMO, and nearly all phenomena in light-to-X energy conversion assume thermalization of photogenerated

species to their lowest-energy nonequilibrium electronic states prior to transport or reactivity.

This journal is © The Royal Society of Chemistry 2026
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predictors of energy conversion efficiency include species opti-
cal properties, species concentration, and system thickness.*”
Along with photon fluxes from the surroundings, these properties
define — in the radiative limit**“° — the rate of generating
nonequilibrium conditions, i.e. Rgen = kgen for semiconductors.
Any knowledge of internal energies, i.e. bands of electronic states,
are indirect consequences of this information, at best, because
absorption spectra do not always report on all internal energies of
a system, e.g. when electronic transitions are forbidden due to the
inability of photon absorption to conserve angular and/or linear
momentum.*** We think it is confusing that band diagrams
depict both internal energies, i.e. band edges, and free energies,
i.e. electrochemical potentials as Fermi levels (Fig. 1c). This is
compounded by omission of information described above that
would enable a fundamental understanding of driving forces that
result in photoinduced charge separation. Additional details are
presented in Box 7.

To quantify the amount of useful work that can be performed,
including as photoinduced charge separation, it is helpful to
recall that absorption of a continuous source of light creates
(generates) additional excited-state (ES) species, by losing (anni-
hilating) ground-state (GS) species and photons in a 1:1:1
stoichiometry, thus altering equilibrium species concentrations.
In semiconductors, this loss of GS species, i.e. loss of e~ from vb
electronic states, is ultimately depicted as stoichiometric creation
of h* in vb electronic states, after exciton dissociation. These
nonequilibrium concentrations increase the rate of recombina-
tion due to mass action, i.e. Ryec = kyec(ce-)(cp+) in semiconduc-
tors, with a rate that continues to increase during absorption of
light until the net rate of generation and recombination is zero.
This results in temporally invariant species concentrations that
constitute a nonequilibrium condition that is said to be at a
steady state (ss). This condition dictates the maximum amount of
useful work that can be performed by each species ensemble, as
the difference in its chemical potential, Ap;, defined by eqn (2),
from its equilibrium condition, as follows,*

Ciss.x
AMi,x = Hissx — Mieqx = kBT1n< > = |Z;iEV max| (9)

Cieq.x

where ¢; are species concentrations at equilibrium (eq) and
steady state (ss), and V; max represents the maximum contribution
of this species ensemble to a photovoltage at electrical contacts,
e.g. metals (Fig. 7a), provided that z; # 0. This equation holds for
all species, e.g. i = molecular excited states, excitons, e, h",
meaning that for e -h" pairs, as well as for GS and ES molecular
dyes, both species ensembles contribute to the total energy that is
freely available to do useful work. In each of these cases, the
magnitude of the change in species concentration, ie.
(c,-‘,\\ —c,-_cq), is the same for each species ensemble, albeit a
negative number for GS molecular dyes due to a loss in their
concentration from their conversion into ES molecular dyes. This
means that the species whose Cieq is smallest, i.e. the minority
mobile charged species in a semiconductor or molecular ES dye,
can perform the most useful work per photon absorbed based on
eqn (9), and as depicted in Fig. 4b. Moreover, this equation shows
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that as it relates to the amount of useful work that each species
ensemble can perform, g, serves as the reference state and the
value of ;. (eqn (6)) is unimportant, because it cancels out in the
arithmetic — this result does not alter the fact that, as described above,
u; can influence photoinduced charge separation (eqn (7)). Eqn (9) also
indirectly indicates that the maximum amount of useful work that
can be performed is inversely related to k... Having only one
recombination mechanism in the radiative limit minimizes total
krec, meaning that it is the condition that can maximize the amount
of useful work that can be performed per photon absorbed.

B. Energy that is freely available to perform useful work is
shown on a band diagram

Band diagrams were developed by solid-state physicists in part
to show how semiconductors can be used to perform electrical
work, i.e. X = electricity, based on Ap; from photogenerated
mobile e~ and h”. During current flow, these e~ and h* always
recombine in a 1:1 stoichiometry. This led to indicating the
electrochemical potential of e~ as the electron ‘quasi-Fermi
level”, i.e. Ep- = *[i.-, and the opposite of the electrochemical
potential of h* as the hole quasi-Fermi level,*® i.e. Egpe = —[int
(Fig. 1c, 2, 6, and 7) — the latter is likely a consequence of h*
representing vacancies in vb electronic states. Irrespective, a
benefit of depicting the opposite of the electrochemical potential
of h” is that differences between the curves equal free energies
that are available to perform useful work, since at a constant
system temperature and pressure AG, = Na(Af- + Al ) =
NA(Afe- — (=Afy+)) = |EV,max|, where the Avogadro constant
is necessary based on our choice for the basis of the energy units
for AG, (i.e. per mole) and Aj; (i.e. per entity). Generally,
differences between two curves are easier to visually interpret
than analogous sums, which with this representation is equal to
the sum of free energy contributions due to e~ and h', .e. (Afie-
+ Afin+), and is responsible for power output as electricity. While
this makes it trivial to determine the amount of useful work that
can be performed, we also think this is confusing. Moreover,
this formalism assumes that the chemical potential of the
charge-neutral semiconductor itself, wus, is unaffected by
absorption of light. While likely true for semiconductors with
high melting points and modest numbers of e, h', ionized
dopants, and other species, this may not always be the case, e.g.
for more dynamic halide perovskite semiconductors, where
values for 4, g, and/or u_. could change over time.*?
Moreover, the Fermi level, Er; defines the electrochemically
and thermally equilibrated electrochemical potential of a species
ensemble, ji;, only when the species follow a Fermi-Dirac distribu-
tion, like e~ and h* in a semiconductor. A Fermi-Dirac distribution
results when species are Fermions, ie. particles with half-integer
spin quantum number, and they cannot occupy the same quantum
state, as required by the Pauli principle.’> An analogous Bose-
Einstein distribution describes an ensemble of photons generated
from a thermally equilibrated system, such as in the Planck dis-
tribution of blackbody radiation, because photons are Bosons, i.e.
particles with integer spin quantum number." Notwithstanding,
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Fig. 7 Steady-state free energy contributions available to perform useful work. Depictions of the influence spatially invariant rate of photon
absorption to generate a steady-state (ss) condition. (a) Illuminated steady-state electrochemical potential diagram for a semiconductor (sc) pn-homojunction
based on Fig. 1 and 2 with a metallic (M) contact to each of the p-type and n-type semiconductor, chosen to generate no interfacial electric fields at each sc—M
o¢

X
state — here assumed to occur after photoinduced charge separation, and thus reaching a true steady-state condition at open circuit. Regions of nonequilibrium
¢; are indicated by quasi-Fermi-level splitting that converge to a single value, i.e. no splitting, at each sc—M interface due to assumed rapid recombination of
nonequilibrium e~ and h*. This results in ¢; for minority mobile charged species that are approximately exponential in space, i.e. approximately linear in free
energy, over the diffusion length, which is directly related to the square root of the ratio of D; and the bulk recombination rate coefficient, and with oppositely
sloped ¢; for majority mobile charged species so that their fluxes are the same to generate a steady-state condition. (b) Illuminated steady-state (electro)chemical
potential diagram similar to that in panel (a) but for a p-type semiconductor immersed in an agueous (ag) contacting phase that does not generate a transport-

interface at electrochemical and thermal equilibrium (eq), i.e. — (), and showing fi; and (;:,. - q¢) for each of mobile electrons (e7) and holes (h*) at a steady

based selective contact for photoinduced charge separation at any location, i.e. (;_¢ - di — ( under the condition of electrochemical and thermal equilibrium,

x  Ox
and even under a steady-state condition. Instead, there are two selective outer-sphere electron-transfer reactions at all interfaces, i.e. e (sc) + Alag) = A~ (aqg) and
h*(sc) + D(ag) = D*(aq), that arise due to chemical kinetics based on a Marcus—Gerischer formalism, where a selective reaction for each of e~ and h* results from

the overlap of states, meaning chemical work is concomitant with photoinduced charge separation, and g_¢ = () because the rate coefficient for each of e~ and
X

h* reacting is the same (circles). For significant net energy conversion, the spontaneous solution reaction must be slow, i.e. A~(ag) + D*(ag) = Alag) + D(aqg). Only
the right half of the construct is shown, because it is symmetric with the left half, and each horizontal line that remains exactly the same between equilibrium and
steady-state conditions is labeled with a subscript eg/ss. (c) The same illuminated steady-state (electro)chemical potential diagram as in panel (b) but for a solution
of dye molecules, whose chemical potential contributions are the only ones labeled and are shown as positive values for both excited-state (ES) dyes and —
. And while not shown, fij 4 for panel a are indicated in Fig. 2, and gjeq for panels b

uniquely — ground-state (GS) dyes, each resulting in g; being depicted below 4,
and ¢ would be indicated slightly above the lowest p;ss Shown, i.e. —pn+ss and pgsss, respectively.

in nearly all models and simulations of light-to-X energy conver-
sion, each of these statistical distributions is approximated by a
Boltzmann distribution to simplify equations and because it is
reasonably accurate under conditions of relatively low species
concentrations present from nondegenerate doping, terrestrial
temperatures (e.g. ~300 K), and solar irradiation conditions,
which is also relatively low." Boltzmann distributions are typically
appropriate to describe ensembles of molecular dyes where,
because photogeneration of ES dyes occurs in a 1:1 stoichiometry
with concomitant loss of GS dyes, AG, = Na(Afigs — (Afigs))-
This supports that, different from semiconductor-based dia-
grams (Fig. 7a and b), it could be useful to depict (positive) Afi;
for both states of a molecular dye*® in an analogous diagram
based on an ensemble of molecular dyes (Fig. 7c).

V. Unifying concepts using volumetric
rates

A. Conservation of mass leads to light-to-X energy conversion
efficiency

While we have described that absorption of light can result in
charge separation, we have not yet discussed subsequent

This journal is © The Royal Society of Chemistry 2026

effects. By definition, the act of separating charge at open circuit,
due to any contribution to species flux (eqn (5) and (7)),
diminishes that driving force by generating an opposing electric

¢

potential difference, ——, and thus F; i and N, grir. This means

that band bending is altered to decrease the effectiveness of
subsequent photoinduced charge separation (Fig. 7a), modifying
the net flux for each ensemble of mobile charged species.
Simultaneously, this process also increases c¢;, mostly at the
extremes of the band-bending region, which increases flux in
the opposite direction. Together, these effects decrease the effec-
tiveness of photoinduced charge separation. At the extreme

condition when ¢ = 0 at electrochemical equilibrium (Fig. 6),
X
meaning F;dirn = 0 and F; dittusion = —Fi partitioning, photoinduced

charge separation must be driven by a different term in eqn (5)
and (7) other than that describing drift. This photoinduced

9¢

charge separation results in a change in —~, and thus a change

in Fiain and N, that opposes the direction of charge
separation.' This outcome in no way diminishes the importance of
the aforementioned text — it simply demonstrates how initial
photoinduced charge separation - at open circuit, when no useful
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work is performed and photogenerated free energy contributions
are largest — decreases the spontaneity of subsequent opportu-
nities for photoinduced charge separation. This occurs for each
ensemble of mobile charged species until, at any location within
the semiconductor, flux due to chemical potential, which is
proportional to %, and opposing flux due to drift, which is
proportional to Z_(b, are simultaneously negated by the net rate of
X

species generation due to absorption of light and their associated
recombination. This results in temporally invariant species con-
centrations as a steady-state condition.

Steady-state conditions are important to energy conversion
processes. They describe a system where, on net, all fluxes
between the system and the surroundings are the same, which
is a restatement of the principle of detailed balance — this also
holds at electrochemical and thermal equilibrium. For light-to-
X energy conversion, the system contains species that undergo
transport, by mass transfer, and chemical reactions, by mass
action, meaning that both fluxes and rates must be considered
simultaneously. This is achieved using the continuity of mass
equation for each species ensemble, 7, in one spatial dimen-
sion, x5

80,‘ x 8N ix
- Rr X — b
ot Z]: ’ ox

transport,R;

(10)
total rate reactions

which includes volumetric molar reaction rates (R,; unit: mol
em ?s7'=10"% M s for each reaction, r, that influence ¢; via
mass action, and areal molar mass-transfer flux, N;, for species
i
Ox
dimension so that it too is a volumetric rate. Additional details

are presented in Box 8.

To calculate the light-to-X energy conversion efficiency,
eqn (10) is simultaneously solved for all species with appropriate
initial conditions (e.g. whether regions are doped), boundary

i, as the opposite of its gradient, i.e. R; = ——, in one spatial

Box 8. Steady-state transport and reactivity of charged species
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conditions (e.g. whether useful work is performed), and the
influence of charge conservation and screening. Results are
typically reported using key performance metrics that are
commonly exemplified by a plot of steady-state current density
(J; unit: A cm > =C s~ ' em™?) as a function of voltage (V; unit:
V =] C1), or more generally, steady-state species flux (N; unit:
mol s~ cm™?) as a function of free energy difference, which at a
constant system temperature and pressure is a Gibbs free
energy difference (AG; unit: J mol ). N-AG and J-V relation-
ships result from determining how an additional chemical
reaction influences steady-state species concentration profiles
and thus free energy differences. This additional chemical
reaction can be any combination of ionic and/or electronic
current flow through an additional pathway and coupled to
electrochemical reaction(s), i.e. at least one e -h*-pair recom-
bination reaction when X = electricity and at least one pair of
redox half-reactions when X = chemicals. Maximum light-to-X
energy conversion efficiency occurs when the product of the
rate of the additional chemical reaction and its free energy
difference is largest. The complexity of this calculation high-
lights the important role of advanced computation, e.g. includ-
ing via available software for sunlight-to-electricity simulations
such as wxAMPS*® and AFORS-HET,*° to handle the multitude
of terms that underlie eqn (10) simultaneously for each species,
which is invaluable for the rational, and accurate, design of
innovative approaches in light-to-X energy conversion.

B. Transport as a chemical reaction

Motivated by the need to convert each flux into a rate (eqn (10)),
it is instructive to demonstrate that transport processes (mass
transfer) can be recast into the form of chemical reactions
(mass action), and vice versa. A specific example showing why
this might be useful is an ensemble of mobile e~ in what is
known as a heterojunction semiconductor device. In this case,
there are two different semiconducting phases each containing
an ensemble of mobile e~ — when Ecpedge differs between the

At electrochemical and thermal equilibrium, the net rate for each reaction, R;, e.g. species generation and recombination as (/cgcn — Krec{Ce= ) (Ch+ )), and the net

flux for each species, N;, are equal to zero. Even though mass-transfer fluxes — and the physical processes that define them — and mass-action reaction rates —

and the rate laws that define them — can differ at each x, they are each balanced microscopically and reversibly. However, this is unlikely to be the case under a

0(‘;

steady-state condition, even at open circuit. In this case, by definition, o 0 at each position, x, but net rates due to mass-transfer fluxes, i.e. the second term
t

on the righthand side of eqn (10), can be equal and opposite to net rates due to mass-action reaction rates, i.e. the first term on the righthand side of eqn (10),

meaning each can be nonzero. This means that a system at open circuit can undergo net processes within the semiconductor, e.g. mobile charged species

photogenerated in the bulk of the semiconductor can transport directionally to an interface where they recombine faster due to surface states (Fig. 7a). But

nonequilibrium chemical potential is a necessary, yet insufficient, criterion for performing useful work. For example, absorption of light to generate charge-

neutral e -h" pairs in the bulk of a semiconductor can only perform useful work if, prior to recombination, e~ and h" separate. When this occurs, the

concentration of each ensemble of separated species increases, as described above. But when this open circuit is closed, e.g. via the existence of an additional

ionic or electronic pathway, mobile charged species continue to transport along a path that results in current flow that is, on net, both cyclical and charge

neutral. Because ¢ is a state function, current flow through the closed circuit means charge species must encounter equal and opposite net differences in ¢

(Fig. 1a) — how then does net photoinduced charge separation result when there is no net difference in ¢ for species to experience? The answer is that the band-bending

region in the ionic or additional electronic pathway is designed such that, at electrochemical and thermal equilibrium, rates of microscopically reversible

species generation and recombination and/or transport are fast, e.g. with a metal-metal junction as shown in Fig. 1a, making any perturbations due to it

absorbing light insignificant. Notwithstanding, understanding nonequilibrium length and time scales associated with light-to-X energy conversion is

critical,*>*” but these details are beyond the scope of this tutorial, which focuses on causes of photoinduced charge separation.
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phases, in solid-state physics it is common to define ; fore™ in
each phase differently. This is analogous to how, in chemistry,
it is common to define, for an ensemble of solute species, #;
differently depending on the solvent in which they are dis-
solved and y;" differently when solute activity coefficient, Vi,
differs between two solutions, irrespective of whether the
solvents are the same. Chemically, this is reasonable because
#; and ;' contain contributions from internal energy, which
often differs between the solvating phases. Irrespective, trans-
port between phases requires concomitant loss of a species
from one phase and gain of a species in the other phase in a
1:1 stoichiometry. By definition this constitutes an interfacial
(areal) chemical reaction, with a concentration equilibrium

/

Ap; . .
VK — o T and associated rate coefficients,
1

partition constant
thus indicating that chemical control of the kinetics of a phase-
transfer partitioning reaction is possible, e.g. by interfacial
catalysis of ions entering and leaving an ion-exchange
membrane. Furthermore, recasting species transport processes
into the form of chemical reactions overcomes issues with step-
function discontinuities in #; (eqn (5)) and/or x;" (eqn (7)) that
render their spatial derivatives undefined, with magnitudes
that approach infinity, and lead to incomplete convergence of
the system of equations to a feasible solution. Lastly, when two
or more species ensembles interact directly, e.g. via a reaction,
their ;i can be coupled into a total standard concentration free
energy difference that describes the thermodynamics of the
process, which at a constant system temperature and pressure
is a Gibbs free energy difference, AG;?/, as described in Box 1.
This is useful for interfacial concerted-electron-proton-transfer
reactions®® underlying corrosion/passivation, ion adsorption/
intercalation®>*"*" onto/into solid-state battery electrodes,
electrically conductive polymers, and electrocatalysts, quasipar-
ticle transport®* by excitons, polarons, etc.

Recasting species transport processes into the form of
chemical reactions involves rearranging the equation for its
total flux (eqn (7)) into a form that follows mass action with a
species in one position as the reactant, i.e. ¢ix, and a species in
another position as the product, i.e. ¢ix. This is possible by

8(’ i

approximating the concentration gradient, o via lineariza-
X

. . . . . Ag Cix — Cix
tion to a final location at a distance of d, i.e. ——. — M,
Ax d

as follows,

Di X Di X

Nix = —2(civ — Cio) +———¢;,
d Li,electrop:lrlili(ming,x
N——— ——
Ni diffusion,x N clectropartitionine x (11)
_ Di.x 1+ d Civ — Di.A\‘ e
d Li,ele(‘trupnrlilinning,x e d o
~—~

M; backw:
M; forward . x i,backward,x

where, as shown in Fig. 3, 7iforward and /7% backward are mass-
transfer coefficients (cm s~ ') and, informed by eqn (4) and (8), the
signed characteristic length for the force due to electropartitioning
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kgT
B . This demon-

Fi.electrop:nrlili«m ing

strates that diffusion drives species flux in the backward direction,

was used, Le. Li.eleclrop;n'(ilivmiu«_v =

L. M packward = ?’, while that - in addition to partitioning and

drift - drive species flux in the forward direction, ie.
D; . .
M forward = —-| 1 +———————|. All terms are consistent with
' d Li,ele(‘trO]):ll‘lilinning

a unimolecular and reversible mass-action rate law, ie. being
linearly related to ¢;.

Discretized eqn (11) is directly comparable to continuous
eqn (7). In continuous eqn (7), N, difrusion is dependent on the

Je

gradient of species concentration, i.e. 3 !, Recall that this criterion

X
is important because it means that /V; gifrusion is unchanged when
light is absorbed homogeneously, meaning other contributions to
the total flux drive photoinduced charge separation. The same
outcome results from linearized eqn (11) whose discretized version

AT . D;
of Nidiftusion results in m; forward = jmi,backward, such that

the influence of homogeneous absorption increasing ¢ equally at
x and x’ leaves /V; difrusion unchanged from its value at electroche-
mical equilibrium. Moreover, eqn (11) also captures the expected
net speciation at electrochemical equilibrium, ie. N; = 0. For
example, assume that the magnitude of the signed characteristic
length for the force due to electropartitioning, L; clectropartitioning, iS
smaller than the linearized distance over which transport is
considered an elementary reaction step in a chemical reaction,
ie. d is on the order of Angstroms (i.e. 10~ cm). In this case,
M, forward > 2M; backward, Such that at electrochemical equilibrium,
as expected speciation significantly favors the product state, ie.
Civeq > 2Cixeq-

Eqn (11) can also be converted into a rate by taking the
opposite of its gradient, as indicated in eqn (10), or via discrete
linearization, as used to determine eqn (11), resulting in an
equation for transport based entirely on mass action, as a series
of volumetric reaction rates. These approaches simplify governing
equations to a level where rational innovations in light-to-X energy
conversion may become clearer. They also recast band bending and
selective contacts in the language of chemistry that is consistent with
Fig. 6c — each process is dictated by experimentally measurable
species concentration(s) and a coefficient describing the probability
for a reaction, &, (s™*), mass transfer, 7; (cm s~ %), or diffusion, D;
(em* s~ ). Discrete linearization also provides a framework that is
amenable to kinetic Monte Carlo simulations.”®** Such simula-
tions are particularly useful at capturing discrete photon absorption
events and resulting stochastic processes,” e.g. that occur in
nanoparticles or molecules, and differ fundamentally from the
systems described above where instead nonequilibrium conditions
reach a well-defined steady state. Moreover, since each of k,, 7,
and D; for a thermally-activated process is related to an activation
energy and free energy barrier, made clear from potential energy
and free energy surfaces and related to standard free energy
differences via Marcus and related kinetic formalisms,”””® ulti-
mately rates of all processes in light-to-X energy conversion can be
represented as differences in free energy.
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There is an alternative approach to recasting species trans-
port processes into the form of chemical reactions that does not
assume linearization of its concentration gradient, i.e. eqn (11).
Instead, taking the opposite of the gradient of species flux
based on eqn (4) and (7) results in the following,
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diagram. This depiction assumes an abrupt pn-homojunction
under the depletion approximation,'> meaning that each F; x ¢

— varies

. . . . 8ﬁi,){ eq
— which is directly proportional to ——— and
ox L,', X.eq

linearly in space, ie. consists of diagonal lines (Fig. 5a), and

R = ON,, oD, 0on, _ 0 D oc, , + o| D, 6/1;',\ 0.
& ax\ kT ax ) ax\ " ax ) ox| kT | ax T ox
NI
Vi ditfsion. =N, clectropartitioning ¢
P &\"‘UIM”‘A LMY hortion w
———portion %poniou
2 o’ 0
P, e, Olirzab) b, o, onvaeb) Ton om,
" ox? kT o kT ox ox kT ox ox (12)
R gimsion R R, ptctopastitionditiunons R, st
thci,,\- d 1 nl 1
- kBT .fi diffusion,x + -/;'Aclcctmpurlinimina.x + E Pi,(li('ﬂ’l:\i(yl\,,\'Fi.clcm'npzn-liliuninzx + ﬁFi.smtistics.vFix
1 1 1 1
=D, ¢, 7+ 7+ +
(gi diﬂ’u\ion,,v) (‘ei.clccmnmni\inninA_»Ax) l‘i difﬁl\ion_\‘Li.clccll‘opzlI‘lilimlinQ_x Li.smtistics.vl"r;x
.. L 1 Oc; results in a parabolic shape for F; gifusi F; artitioning,eq- It
where similar to our definition of F; gigusion = —kpT——, We p . P "d'ff"f“’"“fq ':de"m" """‘"""“’.eq
¢ Ox also results in f; ciectropartitioningeq — Which is directly proportional
define F; yagisiics = _kBTE o , whose unit also indicates thatit 0 (1 + H,q¢)eq and _ being spatially invar-

can be considered a force. Moreover, by analogy to the defini-
tion of F;x as a force (J cm™") per entity with signed character-
. . 1 &%¢;
(Cm)7 we define ./i.dil‘(uxion = kB T(_WZI

i

kgT
Fix

istic length L; y =

2 (0 & 2
and . :M, where their resulting
ielectropartitioning 6.\'2

units, and the latter equation, indicate that each can be considered
a force constant (J cm ?)*° per entity with characteristic length

kg T
lix = fB— (cm). Like the unit for D;, each length dimension of
iX

the em” portion of the unit for f;y is along the same Cartesian
coordinate. Moreover, because f;x can be a negative number, /;x
can be an imaginary number, meaning that its equivalent real-
valued length is equal to |/; x| = \/%i.xlix", as the square root of
its product with its complex conjugate. For a semiconductor pn-
homojunction, the real-valued length |4; eiectropartitioning] = [4i.aritdl iS
the so-called Debye length.'>® Irrespective, as the magnitude of a
characteristic length approaches infinity, its underlying force or
force constant — and thus the impact of its term - approaches zero.

By assuming a nonzero, but spatially invariant, D;, meaning
F; statisics = 0, electrochemical equilibrium, meaning R; = 0 in
eqn (12), results in the following,

./i.(liﬂll\ion.cq..\' +./i‘eleclrop.nmi«mmp,eq,x

(13)

7k_TFi.di1‘[‘uxion.cq..\'Fi,eleclrmnu’nlmumg‘eq..\‘
B
This condition, and that immediately after homogeneous absorp-

tion of light to generate charge-neutral e -h" pairs and before
they transport, are represented in Fig. 8a by a force constant
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Ox2 ielectropartitioning

iant, yet nonzero, and therefore directly proportional to, and in
the case of a pn-homojunction a direct result of, those in Fig. 1b
(top plot). With this information, [/ gifusioneq can be deduced
using eqn (13) (Fig. 8a). Force constants describe restoring forces
of systems with parabolic potential energy in one spatial dimen-
sion. Application to a semiconductor pn-junction with a para-
bolic electric potential in one spatial dimension (Fig. 1) seems
reasonable. However, in the pn-junction case forces are propel-
ling, rather than restoring, because the magnitude of the slope of
the two half-parabolic electric potentials is largest in the middle,
rather than at the extremes. This explains why resulting force
constants (Fig. 8a) vary in space and are even negative numbers
in some locations.

Analogous to the outcome from analysis of species flux
under conditions of homogeneous absorption of light (Fig. 5b
and c), ultimate rate diagrams (Fig. 8b and c) illustrate that
photoinduced charge separation can be ascribed to rate con-
tributions that are linearly related to ¢;, i.e. terms that are not
entirely based on contributions due to diffusion. Both flux
diagrams (Fig. 5b) and rate diagrams (Fig. 8b) illustrate the
important impact of multiplication by ¢i, which amplifies the
steepness of these data in comparison to respective force
diagrams (Fig. 5a) and force constant diagrams (Fig. 8a). Irre-
spective, equilibrium contributions to each of these four dia-
grams sum to zero - based on the definition of electrochemical
equilibrium - and thus photogenerated contributions alone
sum to a nonzero distribution that explains photoinduced
transport. For example, initial photogenerated species fluxes
under conditions of homogeneous absorption of light (Fig. 5¢)
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Fig. 8 Effects of spatially homogeneous absorption of light on electron force constant and transport rate, prior to any photoinduced charge transport.
Alternative depictions of properties of the semiconductor pn-homojunction described in Fig. 1 and color-coded analogous to Fig. 2. They show the hypothetical
outcome when a spatially invariant rate of photon absorption generates a nonequilibrium concentration of mobile electrons (Cjnoneq = Ci,eq + Cilight) that
cannot transport. This assumes the temporary initial condition that D; = 0 under illumination — subsequent relief of the D; = 0 condition would ultimately result
in transport of e~ to the right. (a) Equilibrated and illuminated force constant diagram, where force constant, f;x, is related to the force, F;x, for the respective free
energy contribution, X, from Fig. 5a and for electropartitioning (elpa) is generally constant like that in Fig. 1b (top plot). This shows that — analogous to F;x — over
the band-bending region, the magnitude of the net force constant due to diffusion (diff), /7 dirusion. and a term that includes the product of both forces, decrease

while the force constant due to elpa, ficicctropartitionine, @ both partitioning and drift remains unchanged, resulting in net transport dominated by electrochemical
interactions and therefore, photoinduced charge separation. (b) Equilibrated and illuminated transport rate diagram focusing on the p-type region, where rate,
R; x, is the opposite of the gradient of the respective flux, N;x, from Fig. 5b. This shows that — analogous to N;x — over the band-bending region, the magnitude of
the rate due to elpa, Rjclectropartitioning, iNCreases while the magnitude of the net rate due to diff, R dirusion, and a term that includes their combined effects,
Riclpadi, remain unchanged, again, resulting in transport dominated by electrochemical interactions and therefore, photoinduced charge separation. (c)
Photogenerated transport rate diagram for each of electrons and holes, where the distribution of net photogenerated species transport rate due to elpa directly
proportional to its force constant, fcicctroparitioning . (Panel a) and, in the case of a pn-homojunction, is directly proportional to equilibrium system charge density,
p, (Fig. 1b, top plot) from immobile ionized dopants. In each panel, nonequilibrium (noneq) conditions are generally only shown — using thick lines — at positions
where they differ significantly from equilibrium (eq) conditions, and each curve that remains exactly the same between equilibrium and nonequilibrium
conditions is labeled with a subscript eq/noneq. Also, while only shown at the bottom of panel ¢, in each case analogous distributions exist for holes (h™*).

indicate that e~ will transport to the positively-charged n-type
region (+ on the right), and h* will transport to the negatively-
charged p-type region (- on the left). This outcome is consistent
with initial photogenerated species rates (Fig. 8c), which indi-
cate a loss of e~ (negative rate) from the negatively-charged
p-type region (— on the left) and a gain of e™ (positive rate) in
the positively-charged n-type region (+ on the right) — this does
not mean that the e~ concentration, ¢.-, on the left becomes
smaller than its equilibrium concentration, €. q, because it is
assumed to have increased to its nonequilibrium concen-
tration, Ce-noneq. Analogous interpretations hold for h'.
Irrespective, when the outcomes reported in Fig. 5c and 8c
differ between ensembles of mobile e~ and h*, charge separa-
tion results.

Another outcome of this analysis, in the case of a pn-homo-
junction (Fig. 1), is that the distribution of initial photogenerated
species flux (Fig. 5¢) is identical to the shape of the distribution of
equilibrium system electric field (Fig. 1b, middle plot), and the
distribution of initial photogenerated species rate (Fig. 8c) is
identical to the shape of the distribution of equilibrium system
charge density (Fig. 1b, top plot) from immobile ionized dopants.
We think this fresh perspective is particularly powerful — initial
photoinduced function (Fig. 5¢ and 8c) is directly, and thus immedi-
ately, informed by equilibrium electrostatic information (Fig. 1b).
Importantly, this outcome holds for any charge density distribu-
tion, and even predicts an equivalent charge density due to

This journal is © The Royal Society of Chemistry 2026
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charge density to be an abstract concept — not only is it specific
for each species ensemble, 7, and thus no longer a system
parameter like charge density, p, but equivalent charge density
is mathematically intractable for species that are not charged, i.e.
z; = 0, because its calculation requires division by z;. We leave it to
the reader to further contemplate the idea of equivalent charge
density in relation to Fig. 1b.

partitioning when is nonzero. We find said equivalent

C. Influence of inhomogeneous absorption of light

Eqn (12) sets the stage to rigorously introduce the influence of
specifically inhomogeneous absorption of light that follows the
Beer-Lambert law. This is a reasonable assumption for a bulk
photoabsorber, j, with a small quantum yield for emission, e.g.
¢rem < 10%, so that photon emission does not facilitate deeper
penetration of light via so-called photon recycling.®’ When absorp-
tion of light follows the Beer-Lambert law, molar photon flux as a
function of wavelength, 4, (Inoneq,; unit: mol em™> s™') can be
written as I“""qu;“v": Immneq.i 10744 or Inoneq,/l,x = Io,noneq,/leiqjy;'xy
where I, noneq,. 1S the incident photon flux and spatially invariant
absorption coefficients are defined as molar decadic (¢; ;; unit: M
em™"), as is common in chemistry, or linear Napierian

——; unit: cm™ "), as is common in solid-state physics,*®
j,abs, A

(2 =
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and whose inverse is a characteristic length for absorption of
incident light, [;.ps,. The opposite of the gradient of this areal
ol noneq,4
Ox
the volumetric rate that species are photogenerated due to

X

absorption of light, i.e. Rgenjx = Lononeq,2(In 10)¢j ¢, 107949 or
X

flux along the direction of light propagation, — , equals

G = Me liabs:. To determine the
lj,abst}‘
light-to-X energy conversion efficiency, this volumetric rate
equation - or any that describes species photogeneration - is
included as a rate in eqn (10), and solved simultaneously with
all other relevant equations, as described above. However,
to solely understand the influence of this inhomogeneous
absorption of light on photoinduced charge separation,
Rgen,s,x can also be implemented into eqn (12) as Cilight. This is
accomplished by representing temporally invariant Rgen ) x
over a short duration of time, ¢, and for a given A and j,

Rgen,/l,x = Io.noneq,iaj,167

t1 X
0,noneq ¢ L

which results in ¢;jignec = bs. \Leveraging the fact

2

labs
that the first and second derivatives

direction of light propagation, x, are

of Cilignt along the
concise expressions,

2
. a(’i_lii,:hl _ Ciligie 0 Citight _ Cilight . .
ie. =- and = respectively, results in
"2 l ox’ 1)’ ’
X abs ( abs)
N D6 noneq 1 -_D Cinoneq _ Dy, «a Dic; jigne
IV} diffusion,noneq — T i diffusion.noneq P = ]
B X i diffusion.eq abs
and
3 2 g + g
R _ De;voneq -D o, noneq __ D¢, ., iCi light
4 diffusion.noneq T i diffusion noneq — £ pY = / 7+ / 2
B ( i;xlii’l'u\imuq) (abs)

, because Cinoneq = Cieq T Cilight- When combined with other

kgT kg T
and 4 x = ,/[——, eqn (12
Fix X \/fiX an (12)

can be rewritten as the following standard unimolecular mass-
action rate law,

characteristic lengths, ie. L; x =
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energy contribution cancels out when calculating the amount of
useful work that can be performed by each species ensemble —
each equation uses the equilibrium condition as the reference
state to illustrate how a perturbation drives processes based on
Le Chatelier’s principle.'®
because by replacing terms representing diffusion present in
eqn (12) with those representing absorption of light, unlike
eqn (12), no terms contain additional, nonexplicit contributions
due to Cieq and/or Cilight. This definitively shows that when
absorption follows the Beer-Lambert law, transport pertaining
to photoinduced charge separation can be written analytically
as a mass-action relation that is first order in, ie. linearly
related to, Cilight. It also directly shows characteristic lengths,
and thus properties, that can contribute to the rate of charge
transport when light is initially absorbed: electropartitioning
o +za0) O (w +z40)
eq eq
Ox ’ Ox?

Moreover, eqn (14) is insightful

; Beer-Lambert law absorp-

. i .. (OD; o ,
tion (e~%"); statistics (a—'>, andj/or species diffusion coefficient
X

(D). To achieve photoinduced charge separation at least one
term in eqn (14) must differ between mobile e~ and h', and
each depends on multiple factors. While each term depends on
Cilight, the value of Cilight is the same for each of mobile e~ and h*
due to their equal 1:1 stoichiometry for generation — this also
holds for homogeneous absorption of light. This means that ¢i ligh
can contribute to photoinduced charge separation only when at
least one of the L;x in eqn (14) does not approach infinity, such
that its term is nonzero. In this case, photoinduced charge
separation results when values of L;x differ for each of mobile
e~ and h'. Alternatively, and as shown in Fig. 6b and c, when D;
differs for each of mobile e~ and h', photoinduced charge
separation results even when nonzero L;x are equal. This is also

the case when oD; is nonzero and differs for each of mobile e~

X
and h", because it means that D; differs for each of mobile e~ and
h* at most positions.

R _ 0N i,noneq,x
inoneq.x ax
1 1 1 1 1 1 14
=D c.... . + + + —_—t ( )
i.xCi light x 2 2L L / L
(labs ) (fi,clcctr()pzll'lilim\il\ﬂx ) abs ™ i electropartitioning x i statistics.x abs ielectropartitioning.x
=k, p,.C

i.0bs,xCi light x

where k;obs is the observed rate coefficient (s~ ). It is important
to realize that this equation is only based on the initial,
momentary photogenerated species concentration, Cilight. As
described above, all flux terms that include equilibrium species
concentrations, Cieq, are not present because they sum to zero
based on the definition of electrochemical equilibrium, including
D and

i diffusion.eq

Fig. 5c and 8c. In fact, omission of equilibrium rate contributions
from eqn (14) is analogous to how in eqn (9) the equilibrium free

i & ieq

. This is also the strategy used to generate

~ i.diffusion.eq
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D. Selective reactions are also selective contacts

The ability for a semiconductor device to perform electrical
work, based on its photovoltage, V, or chemical work at a
constant system temperature and pressure, based on its Gibbs
free energy difference, AG,, depends on the reactivity of excited-
state species and mobile charged species. To perform electrical
work, as so-called photovoltaic action, mobile charged species
must separate and be collected at electrical contacts, e.g. metals,
to drive current flow through an additional electronic pathway
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that forms a closed circuit — band bending and selective contacts
are of paramount importance so that mobile e arrive at one
electrical contact and mobile h" at another. To perform
chemical work, such as formation of chemical products with
larger free energy than present in the reactants, e.g. water
splitting to form molecular hydrogen (H,) and molecular oxygen
(0,) concomitant with protonic current flow of protons (H") and
hydroxides (OH ) through an ionic pathway that forms a closed
circuit, photovoltaic action can be used to drive electrocatalysis.
Alternatively, in direct light-to-chemical energy conversion, e~
and h* can instead be chemically separated by “selective reac-
tions”.**~** Analogous to selective contacts based on transport —
as described by eqn (4) and that can occur due to differences in
D;, ¢i, %, and/or e~ %" for each species, 7, photoabsorber, j, and
photon wavelength, 4 - selective reactions based on chemical
kinetics can occur due to differences in rate coefficients, k,,
and/or species concentrations, ¢ir, for each reaction, r (Fig. 7b
and c). This was already shown by converting flux into a none-
quilibrium rate (eqn (14)) — multiplication of any term in the
parentheses by D; results in k; obs, whose unit is consistent with
a first-order rate coefficient can result in a selective reaction that
is as effective as a selective contact due to transport.

To contextualize k;qbs for transport, we evaluated the third
term in the parentheses in the penultimate equality of
eqn (12) using approximate values for a typical crystalline
silicon pn-homojunction at room temperature,'® resulting in

Fi diffusion.eq Fi partitioning ~1eV/n 5
Ky ope = Dpidiffusion .(I;.:;n)rgh floninged _ (-, 10 cm? Sil)(—(#me\/k;zl)% 1012 51,

While this value is relatively large, being approximately on the

kgT
order of the frequency of a molecular bond vibration, i.e. BT ~

1013 571 recall that at electrochemical equilibrium the product
of this rate coefficient and species concentration is equal and
opposite at every location. As shown in Fig. 8c, the rate due to
ensemble-level diffusion, R;dirusion, is ineffective at initial
photoinduced charge separation, even though it is linearly
related to ¢;, because rates of diffusion in the forward and
backward directions remain unchanged during homogeneous
absorption of light. This is not the case for rates due to single-

entity-level electropartitioning, Ricleciropariitioning, which is also
linearly related to ¢;, but whose unidirectionality results in
selectivity.

The importance of selective contacts and selective reactions,
and their relationship to band bending, is also demonstrated at
a semiconductor-liquid junction by the relationship between
Voe and the concentration of redox mediator dissolved in the
fluid solution.®® In a scenario where the magnitude of band
bending at a semiconductor-liquid junction is dictated by the
equilibrium reduction potential of the redox mediator, V,. can
be made to increase without altering the magnitude of bhand
bending by simply diluting the fluid solution. This phenom-
enon has been ascribed to the reduced rate at which the mobile
species present at a larger concentration, ie. the majority
species, react across the interface of the semiconductor and
the fluid solution — a reduction in recombination rate can

This journal is © The Royal Society of Chemistry 2026
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straightforwardly be described as a chemical reaction at an
interface.

But there is an important additional point that must be
made regarding selective reactions. When selectivity is achieved
solely by selective reactions due to electrochemical redox at a
semiconductor-liquid junction, and not selective contacts in the
bulk of a semiconductor, charge separation occurs at the same
location where chemical work, X = chemicals, is performed. In
this case, each ensemble of mobile charged species must
undergo a selective reaction to generate a desired chemical
product, e.g. e- must reduce an electron acceptor to form a
reduced electron acceptor over removing a chemical product —
undesired removal of a chemical product includes reducing an
oxidized electron donor generated via a selective reaction with
the other mobile charged species, e.g. h" oxidizing an electron
donor to form an oxidized electron donor. Also, all mobile
charged species can react at both semiconductor-liquid junc-
tions — neither junction has to serve as a selective contact for
one ensemble of mobile charged species over the other. A
preliminary thought experiment suggests that photoinduced
charge separation may be possible via this mechanism when
chemical reactions follow a Marcus kinetic formalism®”>®
(Fig. 7b and c). Even when reactions have the same depen-
dence on species concentration, ¢;, selective reactions
result from differences in rate coefficient, k,, depicted in

Fig. 7b and c as differences in the intersection of ;' and

states for each solution species reactant — this is analogous
to selective contacts resulting from differences in species
diffusion coefficient, D;, as shown in Fig. 6b and c and
described in Section III.C above. Moreover, in this case
ensembles of e~ and h', or GS and ES dyes, are in a chemical
nonequilibrium condition at each location, supporting split-
ting of their u; at each position in Fig. 7b and c.

But this example is just one of many, because chemical
reactions provide a diversity of opportunities for selectivity. For
example, imagine that the rate of a species, i, to take part in a
desired reaction, r, is equal to k,¢? while for it to take part in an
undesired reaction, r/, is equal to k,.c}. At chemical equilibrium,
each of these reactions has an equal and opposite rate of for-
mation and loss of 7, such that — analogous to transport — there is
no net change in speciation over time, leading to Cieq at
each location. Homogeneous absorption of light leads to
Cinoneq = Cieq F Cilight, which selectively undergoes the desired
reaction when &, (¢;jion + 2¢;cqCilight) = Ky €ilign, Meaning when
ke <k, (c;ngm + 2¢; u,). Equilibrium contributions for each reac-
tion rate, iLe. k,.c,-_u,2 and k¢4, are omitted from their respec-
tive sides of this equation because they are equal. Moreover, in
this case the undesired reaction can dominate at low light
intensity, i.e. when k. > 2k,¢; .y, while at higher light intensity
the desired reaction can dominate. In total, this example
illustrates how reaction selectivity depends on several para-
meters, i.e. k., ks, Vip, Vip, Cieq, and Cilight. It also suggests
principles for designing selective reactions that are as effective as
selective contacts, even when they do not form due to D;, ", or
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k, — design systems with reactions that differ in their stoichiometry
in photogenerated species concentration(s). Achieving simulta-
neously for each ensemble of mobile charged species a selective
reaction that also serves as a selective contact remains an under-
explored, and poorly understood, approach in light-to-X-energy
conversion.

Because of the nearly three-quarters-of-a-century of research
and development into perfecting semiconductor-based photo-
induced charge separation and sunlight-to-electricity energy
conversion, the most straightforward way to drive solar water
splitting today is by first using band bending and selective
contacts to perform electrical work as a photovoltage that then
drives two electrochemical redox half-reactions. However, if
predictions from technoeconomic analyses and/or life cycle
assessments regarding costs and large-scale impacts®®~7° result
in little real-world impact - and/or rational, hypothesis-driven
approaches to discovery are deemed important - alternative
mechanisms should be explored. This is especially true when X
= chemicals, because of the near-infinite number of possible
chemical species in solutions, far exceeding the limited num-
ber of species that can be driven out of electrochemical
and thermal equilibrium via absorption of light in a semicon-
ductor — there are many more ways to form selective contacts
and selective reactions using a solution phase, as described in
more detail below.

VI. Amplifying the innovation
ecosystem

A. Opportunities to rationally innovate in light-to-X energy
conversion

Historically, effective photoinduced charge separation in solar
cells was achieved using a semiconductor pn-homojunction via
processes driven by band bending, i.e. electrostatics.*> Herein
we have shown that in addition to electrostatics, light-to-X
energy conversion requires chemical reactions, as generation
and recombination, and at least one selective contact/reaction,
which can occur for a variety of reasons, only one of which is
electrostatic. This begs the question: have any non-electrostatic
contributions to species flux been used in practice to achieve high
efficiency light-to-X energy conversion? The answer is yes — in
addition to pn-homojunctions, today, high-efficiency solar cells
based on silicon'®”"”* incorporate (i) a back surface field,
(ii) an electron-transport/hole-blocking layer or hole-transport/
electron-blocking layer, (iii) a heterojunction or window layer,
and/or (iv) interdigitated back/point contacts. Item (i) is
another manifestation of band bending formed near a metallic
back contact, with additional selectivity reported due to species
diffusion from concentration gradients generated by a rapid
rate of recombination of e -h" pairs at the semiconductor-
metal interface.”* Item (ii) generates a force due to partitioning
resulting from offsets in ;4, for the minority mobile charged
species at the undesired contact, slowing their transport toward
it, e.g. transport of e~ photogenerated on the right of Fig. 6a is
slowed toward the left where they become minority species.'
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Items (iii) and (iv) generates multiple forces that influence
photoinduced charge separation at a pn-heterojunction or
highly doped contacts, respectively.*® It has also been postu-
lated that selective reactions can result in efficient light-to-X
energy conversion,®>®*7%7% and in fact that is the accepted
mechanism for efficient sunlight-to-electricity energy conver-
sion in state-of-the-art dye-sensitized solar cells based on non-
aqueous solutions of the I /I;~ redox mediator.**7®

With a better appreciation that there are numerous ways to
design selective contacts/reactions for efficient light-to-X energy
conversion, are there other systems and/or chemical reactions that
could be considered? To answer this question, it is first helpful
to recall that electrochemical equilibration of a semiconductor

9¢

pn-junction generates a nonzero Ix that is particularly effective

X
. . . . 0

at driving photoinduced charge separation. This nonzero - 0
at electrochemical equilibrium results from having immobile,
so-called fixed, ionized dopants whose charge-compensating
species, i.e. € and h', can transport and react via recombina-
tion. Analogous conditions can be generated using ion-
exchange membranes, which are polymers bearing covalently-
bound fixed charged groups that are immobile over macro-
scopic distances. This strategy was used to form a pn-homo-
junction using polyacetylene doped via covalent modification.””
Moreover, a protonic analog of an electronic semiconductor
pn-homojunction can be fabricated using ion-exchange membranes
into what is known as a bipolar membrane.”®”® It contains fixed
charged groups - bearing opposite charge on either side of an
interface - that initially exist as charge-neutral pairs due to
respective H and OH~ counterions. When the bipolar
membrane is hydrated with water, H" and OH~ become sol-
vated, allowing them to transport as mobile charged species.
Moreover, water reversibly generates (creates) and recombines
(annihilates) additional mobile H" and OH™ via the chemical
reaction of heterolytic water dissociation. Photogeneration of
mobile H" and OH™, e.g. using photoacids or photobases as
molecular dye sensitizers,”® could result in charge separation -
based on the information described above - to perform useful
work, including as purely ion-transport processes, e.g. desalina-
tion, and (electro)chemical reactions involving H" and/or OH ™,
e.g. acid-base reactions and all proton-coupled electron-transfer
reactions like H, evolution, O, evolution, CO, reduction, N,
reduction, etc.

While an ion-exchange bipolar membrane is a protonic
analog of a semiconductor pn-homojunction, a single ion-
exchange-membrane-liquid junction is a protonic analog of a
single semiconductor-liquid junction. But different from a semi-
conductor-liquid junction, a single ion-exchange membrane
wetted on each side by a solution containing differing concentra-
tions of mobile ions results in crossover of charge-neutral ion
pairs, albeit sometimes slowly, e.g. on the course of days, result-

ing in values of g_d) that change over time. In this case, the
X

magnitude of band bending is analogous to the Donnan (electric)
potential difference, albeit bands of electronic states are not
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present. For example, in salinity gradient power generation,*
ion-exchange membranes are wetted by aqueous solutions with
different concentrations of NaCl, and other ions, e.g. as brackish
and ocean water. The Donnan electric potential difference across
each ion-exchange-membrane-liquid interface differs, which
results in spontaneous transport of dissolved Na“ and CI~ across
the entire membrane, or osmotic-pressure-driven transport of
water in the opposite direction due to differences in py,q, >
until the two solutions reach electrochemical equilibrium. More-
over, brackish and ocean water used for salinity gradient power
generation each often contains several types of charged species,
further complicating system design. But even an aqueous
solution containing only NaCl is complex — it contains signifi-
cant amounts of Na'(aq), Cl™(aq), H'(aq), and OH (aq), and the
phase of liquid water, i.e. H,O(l), each whose activity is modu-
lated by salt concentration.®" If the intention is for a system with
an aqueous concentration gradient to reach electrochemical
equilibrium - as was the case for a system containing a stable
semiconductor(s) - the membrane must be perfectly selective for
a small subset of species, which can be accomplished by size
exclusion, being contacted on one side by an electrode, being
infiltrated with pure water, etc.

But opportunities to rationally innovate in light-to-X energy
conversion extend beyond those indicated by the example of
ion-exchange membranes wetted by aqueous electrolytes. Nota-
bly, a completely solid-state pn-homojunction can be made by
freezing aqueous solutions of acid and base into ice, as first
demonstrated in the mid-twentieth century.>””** Moreover,
water in any phase also reversibly generates (creates) and
recombines (annihilates) H, and O, in a 2:1 stoichiometry
via the chemical reaction of water splitting. In this case, it is

possible to separate H, and O, - not by drift via g—(ﬁ, because
z; = 0 — and perform useful work, as described in the thought
experiment by Wiirfel." And water is not unique in its ability to
reversibly generate and recombine species via a chemical
reaction. In terms of forming mobile charged species, all protic
solvents undergo autodissociation, as described by their autop-
rotolysis equilibrium constant. In fact, many phases undergo
reversible reactions, including e -h" pair generation in electro-
nic semiconductors, electron-positron pair creation due to
vacuum fluctuations, the gas-plasma phase transition, etc.
And beyond phases, photochemical excited states can perform
useful work via excited-state redox, as long as the free energy of
the reaction products exceeds that of the reactants. In addition,
there are other chemical reactions that meet the criterion
for performing useful work but do not undergo redox, e.g
photoinduced cis-trans isomerization,*® further illustrating
that selective reactions alone — without preceding photoinduced
charge separation - can result in light-to-X energy conversion.
In total, there are near-infinite choices of molecules, materials,
phases, and approaches that can be used for rational chemical
kinetic innovations in photoinduced charge separation. We
expect that this tutorial provided the motivation necessary for
some researchers to investigate underappreciated mechanisms
for light-to-X energy conversion.

This journal is © The Royal Society of Chemistry 2026
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B. Summary of terminology

We hope that this tutorial on light-to-X energy conversion helps
researchers understand that a band diagram clearly depicts the
impact that electric fields have on photoinduced charge separa-
tion, but it is an incomplete guide because of the following:

e band bending is just one of several ways to facilitate photo-
induced charge separation, where forces from electric fields were
traditionally used in historical solar cell designs to define initial
photogenerated species fluxes and perform electrical work;

e a selective contact for a flux, or a selective reaction for any
process, is the necessary general design criterion for selective
transport and/or reactivity, where being charged, or in a band
of electronic states, is not critical; and

e the concept of quasi-Fermi levels indicates a specific subset
of signed electrochemical potentials for species ensembles that
follow a Fermi-Dirac distribution, yet any photogenerated free
energy contribution can perform useful work, either directly as
light-to-X energy conversion or indirectly via generation of
longer-lived, and even molecular, species that serve as inter-
mediates of more complex processes.

Moreover, this tutorial reinforces that researchers with
various formal training and backgrounds aiming to contribute
to multidisciplinary challenges, like light-to-X energy conver-
sion, must be mindful of the accuracy of their language when
discussing causes of observed phenomena. This underscores
the need for a common first-principles language that goes
beyond traditional band diagrams, which are dominated by their
representation of forces, but where in fact fluxes are generally
most critical. In total, while band diagrams simplify the afore-
mentioned results, they only indirectly provide details required
to justify the physical cause of photoinduced charge separation.

We also recommend that if any of the descriptions above
were generally new to, or at least in part underappreciated by,
the reader, that they refrain from using relevant phrases
enclosed in quotation marks - and then further italicized - in
favor of general thermodynamic and kinetic versions. Once
these concepts are universally accepted by researchers rationally
designing and evaluating light-to-X energy conversion systems,
it may be helpful to reintroduce these phrases for sake of rapid
communication and advancement.
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