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Oxide photoelectrochemistry has been under continuous development over the last half century. These decades have
DOI: 10.1039/x0xx00000x witnessed the use of electrodes of different nature (from single crystals to nanoparticulate films), new electrode materials
(including ternary and multinary transition metal oxides), and different strategies for improving their efficiency and stability
(e.g. doping or protective layers). Although the very high initial expectations for using oxide electrodes in solar energy
conversion were not fully met, substantial efforts have been devoted to reach an in-depth understanding of the processes
limiting their functioning, providing firm bases for further developments. In this article, we review our main contributions in
this field; in particular, we focus on the water photooxidation (i.e. oxygen evolution reaction), water photoreduction (i.e.
hydrogen evolution reaction) and full water splitting processes (in a tandem cell) with binary and ternary oxides, including
metal hydroxides as co-catalysts. We emphasize the importance of modeling and obtaining mechanistic insights and we
conclude with a reflection on the main issues to be tackled in this field, which in our opinion should experience major

advances in the coming years.
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Introduction

Utilization of solar energy. Solar light represents a clean,
abundant, cheap and (virtually) endless energy source’? that
could be used for transitioning the energy needs of our society
to a more environmentally friendly, less polluting and fossil-fuel
dependent economy. However, its intermittency represents a
major bottleneck to its widespread use, requiring convenient
materials and technologies that could efficiently absorb, use
and store it.3* At the core of this technology is the use of
semiconductor materials (photocatalysts, either as powder
suspensions or thin films), characterized by an energy band gap
that allows them to absorb light and generate electrons and
holes that could drive charge transfer processes when
interfaced with a solution with appropriate redox couples.3>®
Two main environmental and energy applications find their way
through heterogeneous photocatalysis:”2 (i) the degradation of
noxious substances (photocatalysis), and (ii) the generation of
value-added chemicals (photosynthesis). However, as Osterloh®
and Rajeshwar? recently stated, these applications are often
confused in the literature, and even the IUPAC sometimes uses
misleading definitions.?

To understand their differences, we should invoke: (i) their
thermodynamics, (ii) the charge transfer processes,® and (iii)
the overall energy balance. Regarding the first, a reaction
energy diagram is required (Fig. 1, top); in photocatalysis, the
reaction proceeds "down-hill" and the change on the reaction
Gibbs energy (AG) is negative, thus the process is spontaneous;
however, in photosynthesis the reaction proceeds "up-hill", the
reaction AG is positive and the process non-spontaneous.? As
for the second issue, recalling the semiconductor band
diagrams'¥*? (Fig. 1, down), the electrons and holes are
respectively transferred to electron acceptors (A) or donors (D),
but their relative positions with respect to the band edges
determine whether the process is photocatalytic or
photosynthetic. Finally, in terms of the energy balance,>® the
photocatalytic process uses light to accelerate the reaction rate,
whereas the photosynthetic process effectively stores light
energy as chemicals. In this regard, the process of artificial
photosynthesis® to store solar energy as on-demand fuels (e.g.
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hydrogen, methanol, etc) is considered one of the,:haly.grilst
in chemistry and a way to circumvent th@S6IHt ihtairRittené§/G

Photoelectrocatalysis. In spite of the promising
environmental applications and good prospects of
heterogeneous photocatalysis, the process generally suffers
from a series of demerits, including: (i) a high rate of electron-
hole recombination that can be faster than their interfacial
transfer rates,’® and (ii) a sluggish kinetics for the redox
processes occurring on the surface of the bare photocatalyst.3
One strategy to partially ameliorate these limitations is the
application of an external potential bias with the semiconductor
as a film supported on a conducting substrate (photoelectrode),
thus electrochemically assisting the photocatalytic process.®
This bias is applied with respect to the counter electrode, which

AG/J-mol?
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Fig. 1 Schemes for the energy vs. reaction coordinate curve (top) and the corresponding
band structures (down) for two generic processes: photosynthetic (down left, green
lines) and photocatalytic (down right, purple lines). Symbols: CB and VB, conduction and
valence bands, respectively; A/A-, redox couple associated with the electron acceptor
(A); D*/D, redox couple associated with the electron donor or hole acceptor (D); AG,
Gibbs energy of reaction; ¢, energy in the absolute scale; hv, photon energy; g, reaction
coordinate. The equation below shows how to calculate AG from the energies of each
redox couple. Grey and blue shaded areas represent the filled VB states and the
electrolyte, respectively. The top scheme was adapted from ref. 6, and the down scheme
was adapted from Refs. 11 and 12.

selectively drives one of the charge carriers out of the
illuminated semiconductor film, concomitantly increasing the
charge transfer rate of the carriers remaining at the surface of
the semiconductor and decreasing the recombination rate.'*

In comparison with conventional photocatalysis (PC),
photoelectrocatalysis  (PEC): (i) is performed with
semiconductor films on conducting substrates, while PC can be
performed with both suspensions or films on non-conducting
substrates, (ii) operates under an applied external potential,
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while PC operates under open-circuit conditions (no external
bias), (iii) anodic and cathodic processes can be individually
studied or enhanced with the appropriate bias, while in PC, both
processes occur simultaneously at the photocatalyst surface,
(iv) the electron and hole fluxes are not the same and thus a net
photocurrent is recorded, while in PC the flux of both carriers is
the same, and (v) the energy efficiency is lower than in PC, as
the PEC bias represents and extra energy supply to drive the
desired reactions.

Layout of the manuscript. In this feature article, we will
revise the main contributions of the authors to the field of
photoelectrocatalysis with semiconductor electrodes, in
particular to produce solar fuels. We will first discuss the
features of metal (hydr-)oxides as electrodes, including
experimental and theoretical strategies to improve their
performance. Next, we will revise the electrochemical behavior
of metal oxides, both as compact or nanostructured thin films,
and how electrochemical measurements can be used to
elucidate their electronic structure, as well as the nature of
surface and/or trap states. Then, we will review the use of
binary and ternary oxides for water photooxidation (oxygen
evolution reaction, OER), water photoreduction (hydrogen
evolution reaction, HER) and combined in a tandem cell (full
water splitting), including the use of metal hydroxides as co-
catalysts; particular emphasis will be given to modeling the
charge transfer processes of these systems and the mechanistic
information that could be gained from them. To conclude, a
reflective outlook that both accounts for the main issues that
remain to be addressed and tries to shed some light on the
future of the research field will also be given.

The performance of metal oxides under
illumination

Metal oxides and hydroxides as electrodes. The features of
the (photo)electrodes are vital to ensure that they efficiently
harvest and utilize solar energy,> while showing potential for
their upscaling and implementation in practical devices.'® As
such, the semiconductors to be employed must meet some
stringent requirements, including:*>771° (i) absorb most of the
useful solar spectrum, mainly composed of visible light (optical
constraints); (ii) efficiently separate and transport charge
carriers through the material to the appropriate interfaces
(spatial charge constraints); (iii) efficiently transfer charge
carriers at the semiconductor-electrolyte interface (SEl) to the
appropriate redox couples (charge transfer constraints); and (iv)
be inexpensive, abundant, non-toxic and durable upon many
operation cycles (availability and stability constraints).

Among the most used materials in photoelectrocatalysis are
metal oxides and hydroxides,'®?° both as photocatalysts and
electrocatalysts (i.e. co-catalysts).’32122  Some of the
advantages of these materials are: (i) chemical stability in
different aqueous media and under illumination, (ii)
appropriate position of band edges'>181%23.24 for driving many
redox processes, (iii) low cost, and (iv) straightforward synthesis
and processing. However, they are generally limited by:'8 (i)
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slow charge transfer kinetics at the surface(i\g..large
overpotentials for different redox processeX) ] (il ¥eIani€lg1atge
bandgaps that prevent the absorption of a large portion of the
solar spectrum, and (iii) large surface density of defects that
portray increased charge recombination.?° Binary oxides have
been by far the most studied as both photoanodes and

photocathodes;?®

however, ternary oxides (e.g. spinels,
delafossites, perovskites and scheelites) have also emerged as
promising materials due to their potentially low bandgaps,
which allow them to absorb a large portion of the visible solar
spectrum.?® A detailed description of the features of different
oxides and hydroxides used in (photo)electrocatalysis can be
found elsewhere. 12023

Strategies to improve the photoelectrocatalytic activity.
Prior to discussing how to improve the performance of
semiconductor electrodes, we should first analyze the factors
influencing their efficiency. As a reference magnitude, we shall
take the potential-dependent photocurrent density (jph(E),
A-cm?) from which the overall external or internal quantum
efficiencies can be easily obtained (EQE or IQE, Eqn. 1 and Eqn.
2 respectively):

jon (E
EQE :hszo)znabs'nsep(E) 'ntr(E)'nct(E) (1)
EQFE
IQE = Qb = nsep(E) “Ner (E) - e (E) (2)

where e is the elementary charge (C), @, is the incident average
solar photon flux (cm™2s?), n.s is the light absorption
efficiency, 1s¢p (E) is the charge separation efficiency, n.,-(E) is
the majority charge carrier transport efficiency, and n..(E) is
the minority charge carrier transfer efficiency (Fig. 2); as ngps <
1, then EQE < IQE. It should be noted that some authors
consider 7sep(E) and 74 (E) conceptually assimilable,
distinguishing only three efficiencies.?”?®  Moreover,
experimental procedures have been devised to individually
determine each efficiency through the photocurrent
comparison in the presence and the absence of an efficient
(hole) scavenger.?®3% These overall efficiencies are also known
as incident photon-to-current efficiency (IPCE for EQE) and
absorbed photon-to-current efficiency (APCE for IQE), and they
are used as diagnostic tools for testing the materials.?®

Chem. Commun., 2020, 00, 1-3 | 3
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Fig. 2 Scheme with the band structure and the semiconductor electrolyte interface (SEl)
depicting the efficiencies (7) for all the light-induced processes as a function of different
physical magnitudes, in the case of an n-type photoanode (left) and a p-type
photocathode (right). Symbols: 77,5 (yellow), 7, (green), 7 (blue) and 7 (purple) refer
to the efficiencies of light absorption, charge separation, majority charge carrier
transport, and minority charge carrier transfer processes, respectively; E;, band gap
energy; a, light absorption coefficient; ss, surface states; O/R, dissolved or adsorbed
redox couple at the SEI; k, and k,, minority carrier transfer rate constants for electrons
and holes at the SEI, respectively; k. and k., charge recombination rate constants in the
bulk and at surface states, respectively; L, and Ly, diffusion lengths of electrons (majority
carriers in photoanodes, minority carriers in photocathodes) and holes (majority carriers
in photocathodes, minority carriers in photoanodes), respectively; Np and N,, charge
donor or acceptor densities in n- or p-type semiconductors, respectively.

Interestingly, it is possible to improve most of the individual
efficiencies by tuning some semiconductor properties, including
(Fig. 2): (i) optical properties that affect 1,5, including the band
gap width and the absorption coefficient; (ii) electronic
structure, which affects 15, (E) and 1, (E), including the band
edge positions and carrier mobility; (iii) crystallinity, which
affects n4,-(E), including the rates of bulk recombination and
diffusion-drift; and (iv) surface properties that affect n..(E),
including the rates of -carrier transfer and surface
recombination.3! Among the experimental strategies employed
to improve these efficiencies, we could briefly mention:3? (i)
bulk doping to change the conductivity of the material (n4-(E))
and the width of the band gap (ngps), (i) nano- or
mesostructuring to change the charge carriers' diffusion rates
(Msep (E) and ny,.(E)) and surface transfer rates (1. (E)),?*
(iii) compositing with other metals or semiconductors to
generate homo- or heterojunctions to change the charge
separation, transport or optical properties, (iv) surface
modification3! to change the catalytic properties (n..(E)) and
light absorption, by means of: optical sensitization, passivation
or protective thin layers, co-catalysts and interfacial
conditioning (through the adsorption of inert ions or dipoles).3?
As these strategies are beyond the scope of this article, we refer
here the readers to excellent recent reviews that cover them in
more depth.10.1317,.27.33

Importance of modeling. To better guide the choice of
materials and the modification strategy that could enhance the
performance of the metal (hydr-)oxide (photo)electrode, it is

4 | Chem. Commun., 2020, 00, 1-3

paramount to model the (photo)electrochemical;behaviey,of
the system.343% This modeling can be perfétimedospthves 1évels:
that of the materials, that of the electrode charge dynamics,
and that of the full devices.

The material-level modeling is based on computational
approaches to obtain the electronic structure,®® being dominant
the DFT calculations. They are used in this context to identify
metal and non-metal combinations (binary or multinary)
yielding optimum electronic structure (band engineering) to
thermodynamically and kinetically drive the desired redox
processes and absorb most of the solar spectrum. It is worth
noting that, together with the computational approach, a
combinatorial approach can also be followed to individuate
candidates for photoelectrodes,3 with a benchmarking
experimental procedure that can readily map out the best
elemental combination in terms of photocurrent performance.

Concerning the charge dynamics, either a microscopic or
macroscopic approach has been conventionally followed. In the
former case, the Marcus-Gerischer kinetic formulation32383°
has been mainly used, where the charge transfer rates depend
on the overlapping degree between the density of states of the
semiconductor and that of the redox species in the electrolyte.
In the latter case, the mainstream involves solving the
continuity equation for the charge carriers under appropriate
boundary conditions (e.g. imposing minority charge transfer at
the interface), likewise in conventional semiconductor device
physics. In particular, the Gartner formulation®® of the SEl as a
Schottky junction was the founding modeling cornerstone that
was later taken over with the development of nanostructured
porous materials and their particular dynamics in the absence
of band bending.*! In such a case, the role of surface kinetics at
the SEl seems determining for the final electrode behavior.#243
In this respect, Bisquert and coworkers** have significantly
contributed to model the performance of nanostructured
electrodes in connection with impedance* and dark
voltammetric*® measurements.

As for the device level, complexity rises to a scale that
requires computational fluid dynamics (CFD) and/or multi-
physics simulations of all fundamental processes taking place
simultaneously, including:1647 light absorption, charge
transport, (multiphase) mass transport, and charge migration.
Regarding the charge transfer phenomena at the SEI, most
studies use the Gartner model for the photoelectrode and the
Butler-Volmer equation for the electrocatalytic charge transfer
(with or without co-catalysts).*® In this line, recent efforts have
been devoted to modeling the performance of tandem cells
where a photoanode and a photocathode are combined (see
below).4>0

The electrochemical response of nanostructured
and compact oxides
Fundamentals

The electrochemical behavior of a metal oxide
semiconductor (SC) electrode stems from a combination of
many parameters, including its chemical nature, doping degree,

This journal is © The Royal Society of Chemistry 2020
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defects, and the electrode morphology. In this context, we can
distinguish between massive compact electrodes (i.e. single
crystals or compact polycrystalline electrodes) and
nanocrystalline electrodes (also known as mesoporous,
mesoscopic, nanoporous or nanostructured electrodes), in
which the electrolyte can penetrate/permeate the material.
They consist of a porous film of nanocrystals deposited on a
conducting substrate, where the nanoparticles are electrically
interconnected between them and with the conducting
substrate. As the reactions of interest occur at the illuminated
SEl, these electrodes can be advantageous under certain
circumstances.

Due to the small nanoparticle size, low doping degree and
the percolation of the electrolyte throughout the porous thin
film, such electrodes are not able to sustain a significant electric
field or band bending.>>52 This clearly contrasts with the
situation of single crystals or bulk polycrystalline electrodes in
which charge separation relies on a built-in electric field.>3 In the
case of nanoporous electrodes, one of the photogenerated
charge carriers is preferentially consumed at the SEl, inhibiting
their recombination; thus, the charge-separation occurs mainly
due to the different kinetics of the processes involving the
consumption of photogenerated electrons and/or holes,
defining its n-type (photoanode) or p-type (photocathode)
character. On the other hand, the charge carrier concentration
gradient promotes their transport by diffusion;>%? the charge
carrier displacement through the electrode induces the
concomitant displacement of ions from the electrolyte to
compensate the charge and to keep the electroneutrality of the
system. Some authors refer to this transport mechanism as
ambipolar diffusion.>*

Titanium dioxide is the prototypical n-type SC reference
material. In this case, photogenerated holes usually are easily
consumed or trapped at the surface, while electrons can diffuse
though the electrode to the back-contact, provided the
substrate Fermi level (potential) is sufficiently low (high).>®
Although this general qualitative behavior is conventionally
considered in the scientific literature, there are some
controversial issues that limit reliable predictions of the
behavior of new synthetic materials or the interpretation of
some (photo)electrochemical results. This paucity of
information encouraged us some years ago to study and to
model the (photo)electrochemical behavior of nanoporous TiO;
electrodes. In this regard, we believe that the electrochemical
measurements in the dark in the absence of electroactive
species can be cautionary used as the fingerprint of the
material’s  density of  states (DOS), while  the
(photo)electrochemical measurements in the presence of
electroactive species can be used to obtain further information
on its photo(electro)catalytic activity.3%°6

In particular, the cyclic voltammetry of metal oxide
electrodes in the absence of Faradaic processes shows
capacitive currents. Such capacitive currents arise by a series
connection of two capacitances (F-cm), one associated with
the solid (Csp1i4) and the other with the compact double layer
at the SEl, i.e. the Helmholtz layer (Cy) (Eqn. 3):

This journal is © The Royal Society of Chemistry 2020
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In the case of low-doped bulk SCs in contact with an electrolyte,
the Fermi level equilibration of the material and that of the
electrolyte induces the band bending phenomenon and the
concurrent formation of a space charge region (SCR). If Csp1iq <
Cy, a change of the electrode potential has the effect of shifting
the Fermi level in the SCR with respect to the energy levels in
the solid, whereas the energy levels of the solid are pinned at
the surface (band edge pinning). In this case, Csy;q4 Can be
directly associated with the capacitance per electrode unit area
of the SCR, (Cs¢). This capacitance can be obtained by solving
the Poisson-Boltzmann equation; for an n-type SC under
depletion conditions, the potential dependence of Cg. is given
by the Mott-Schottky equation, which is usually employed to
determine the flat band potential (Erg, V) and the bulk donor
density (Np, cm?3) of the material (Eqn. 4):

-2 — Epp
C2. eegyNp

1 2 kgT
| ) )

where ¢ is the SC relative dielectric constant, &; is the vacuum
permittivity (8.85 x 10* F-cm™?), kg is the Boltzmann constant
(1.38 x 1023 J-K1), T is the absolute temperature (K), e is the
elementary charge (1.602 x 10'° C), and E is the applied
potential (V).

In this context, to apply Egn. 4, the electrode should sustain
a built-in potential, which requires the building blocks
constituting the electrodes to be large enough. Porosity can be
corrected by considering the real surface area.>” However, in
the literature we can find examples were electrochemical
impedance spectroscopic (EIS) measurements have been
employed to experimentally obtain the capacitance of
nanoporous electrodes and determine Np, without considering
that the real surface area might be orders of magnitude larger
than the geometric one.>®

Electronic structure of nanoporous electrodes: surface states and
trap states

The behavior of nanoporous electrodes cannot be
rationalized on the basis of the existence of a SCR. In this case,
when the Fermi level (potential) is far below (above) the
conduction band edge (CB), they are insulating; as it approaches
the CB edge upon negative polarization, within a potential range
the electrode exhibits a certain degree of conductivity, which
allows for a homogeneous charging of the electrode and thus
for a homogeneous shift of the Fermi level with respect to the
CB, provided the band edges are pinned. The conductivity arises
from the thermal excitation of electrons to the CB or other
states near the CB, or even by hopping between different
electronic states. This causes a homogeneous electron
occupancy of band-gap states, levelling with the substrate
potential. The C,,;;4 can be related in this case with the intrinsic
film capacitance or chemical capacitance (C,), which usually is
much smaller than Cy and dominates the final electrochemical
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behavior. Neglecting the contribution coming from the SEl, and
assuming an ideally polarizable electrode in quasi-equilibrium
with band edge pinning conditions, C, (per geometric unit area)
can be defined as (Eqn. 5):*°

dn
C, = pe’L—— = pe’LD(gr) (5)
dep

where p is the porosity of the film, L is the film thickness (cm),
n is the electron density (cm™3), &5 is the Fermi level (eV), and
D (ep) is the density of states (cm™3- eV'1). As the Fermi level can
be modified by changing the applied potential with respect to a
reference electrode (der = —e - dE), this opens up the
possibility of extracting information on the density of
electrochemically accessible electronic states in a SC electrode,
by measuring the capacitance as a function of potential.

Bisquert and co-workers were the first to show the
potentialities of cyclic voltammetry for this purpose.*®>°%2 The
capacitive currents measured can be ascribed as the
filling/emptying of electronic states. The capacitive current
density (j, A-cm2) relates the change of electron density with
the change of electrode potential according to (Egn. 6):

. dn
j=Cv = eLvE (6)

where v is the potential scan rate (V-s). Accordingly, the
current measured at a certain potential directly gives us the
variation of the number of states with the potential (Fig. 3). The
remaining question is the physical location of these electronic
states; according to Bisquert and co-workers, 46°%62 for TiO,
these states correspond to CB and to an exponential
distribution of surface states (SS) below the CB.

In line with the above ideas, we reviewed the variation of
the capacitance with the potential for different locations of the
electronic states.3%°¢ Considering Eqn. 5 and Eqn. 6, and the
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Fig. 3 Scheme of the correlation between the cyclic voltammogram obtained in the dark
in the absence of faradaic currents and the electronic density of states (DOS) for a
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nanoporous rutile electrode. VB and CB represent the valence and\}:‘ggvd/klﬁ‘té?en&ﬁpndé

respectively. The blue line corresponds to the filling/enptying®f 6B oy hjtectheyretine
(intentionally magnified) refers to the filling/emptying of monoenergetic trap states at
the grain boundaries.

theoretical DOS in the CB for an n-type SC, two limiting cases for
the capacitance due to CB states can be obtained: (i) for a non-
degenerated SC (Eqn. 7):

ce® ?)

__e*N.L e(E.— E)
=P ¢ kpT

and (ii) for a degenerated SC, under strong accumulation
conditions (Eqn. 8):

(8)

. 2p e*NL (e(EC - E))l/2
o Jr kgT kgT

where N, represents the CB states per unit volume (cm-3) and
E. is the CB edge potential (V). In the case of a non-degenerated
SC, by representing In CIEB versus E, a straight line with a slope
of (—e/kgT) is obtained, where the location of the CB can be
estimated from the y-axis intercept.>®

Considering now the intra-band gap states below the CB (i.e.
states), at the
corresponding capacitance can be estimated as (Eqn. 9):4¢

surface zero-limit temperature, the

2
ss_¢© O.L ox

(e(EC - E)) ©)

where 0, the electrode total volume density of traps (cm3), and
T a characteristic temperature that defines the broadening of
the exponential trap distribution. In addition to a surface-state
distribution in the band gap, some authors®3%6 have proposed
the existence of monoenergetic states or traps in the band gap.
For these monoenergetic states the associated chemical
capacitance can be described by (Egn. 10):

Trap
CP

—e(E — ET‘r'ap))

 e®Npyapl eXp< ksT

kgT 2
—e(E —E
(1 + exp (_e( kBTTmp)>>

where Nr,qy, is the density of defined monoenergetic states
(cm3), and E7,q;, their location in the potential scale (V).
Considering all the contributions from CB electrons, surface-
state electrons and electrons trapped at monoenergetic states,
the total chemical capacitance for a nanoporous electrode is
given by (Eqn. 11):

(10)

Cu=CS+CE+ ¢, (11)

Once the theoretical ground was set, we carefully analysed
the cyclic voltammograms for a series of well-defined

This journal is © The Royal Society of Chemistry 2020

Page 6 of 20


https://doi.org/10.1039/d0cc04387g

Page 7 of 20

Published on 09 September 2020. Downloaded on 9/17/2020 7:18:54 AM.

nanoporous TiO; electrodes. Our measurements corroborate
the presence of an exponential state distribution below the CB
for anatase, which seems to be absent in the case of rutile.>®
Regarding the monoenergetic electronic states or traps, we
have physically identified them as particle-particle interfaces,
(i.e. grain boundaries) acting as electron traps. 7 These states
seem to play a key role as recombination centres and are highly
dependent on the crystal structure and self-assembly (i.e.
morphology) of the electrode, as well as on the electrolyte
composition.?>® Moreover, using different types of samples we
unequivocally showed that the capacitance (i.e. the area of the
cyclic voltammogram) is proportional to the real electroactive
area and not to the electrode volume.3%6971,72

It is important to mention that to counterbalance the
accumulated charge and preserve the electroneutrality of the
material, ions are required. For example, when electrons are
accumulated in TiO;, cations get adsorbed or inserted into the
crystal structure, probably limited to the external layer exposed
to the electrolyte. This fact can affect the direct quantitative
interpretation of the electrochemical capacitance as a direct
measurement of the DOS. Only in the case of electrodes with
extremely small nanoparticles in which the electrolyte can
easily permeate, the whole volume may accumulate charge.>®
Such ion insertion has been evinced for different metal oxide
SCs and it has been shown that could be faster than the
extraction one. Therefore, it is possible to take advantage of this
process to promote their photocatalytic activity, as it causes a
non-permanent electrochemical doping of the material 677374

Furthermore, in the case of nanoporous electrodes, the
voltammetric measurements in the dark can also be combined
with open circuit photopotential decay measurements.’® Such a
combination allows to evaluate the recombination and transfer
(to solution) rate constants of charge carriers accumulated
upon illumination at the metal oxide SC electrode. This
evaluation is based on the fact that the integration of the
voltammetric profile provides the actual charge -carrier
concentration in the nanostructured film as a function of the
applied potential. As the photopotential decay curve displays
the potential as a function of time, by a proper combination of
both measurements the time evolution of the electron
concentration is obtained, and hence the corresponding kinetic
rate constants.”>7®

Apart from the potential decay measurements, the currents
under illumination (i.e. photocurrents) in the presence of
electroactive species can also be employed to obtain further
information about the energy location of the conduction
band,>® the photocatalytic activity,®® charge transfer rate and
even, the reaction mechanism.3?77 In the case of TiO,, the
electron donor species present in the electrolyte can be
oxidized (i) indirectly, where the oxidation process occurs via
surface trapped holes, also called hydroxyl radicals (by an
isoenergetic interfacial hole transfer according to the Marcus-
Gerischer energy model), or (ii) directly through its reaction
with photogenerated VB free holes (by an inelastic interfacial
hole transfer). By measuring the photocurrent as a function of
the electron donor species present in the electrolyte, it is

This journal is © The Royal Society of Chemistry 2020

ChemGomm

possible to distinguish between both mechanisms.2%7% dtis
important to bear in mind that DEhelO 18ErBgehemical
measurements suffer from the lack of specificity that can be
surmounted by coupling them with spectroscopic
measurements such as Raman or IR spectroscopy.’®83

Finally, it is worth mentioning that there exists a direct
relationship between the appearance of capacitive currents in
and WOs3
electrocatalytic activity for cathodic processes in the dark. Our

nanostructured TiO; electrodes and their
recent studies on CO; reduction on these materials in
acetonitrile solutions constitute clear examples of this
behavior .84

Water photosplitting with metal oxides
Water photooxidation

The seminal work of Fujishima and Honda®® set the ground
for using semiconductor metal oxides (ie. TiOz) as
photoelectrodes that could sustain water oxidation in
photoelectrocatalytic devices. Likewise, the works of Gratzel et
al.?3®7 with visible-sensitized mesoporous TiO, as solar cells
prompted the research on nanostructured materials. These
breakthrough contributions inspired the experimental work on
artificial photosynthesis that has continued to date. In this
regard, the recent work on water photooxidation from the
authors deals with the common topics in the field, including:
materials, covering binary oxides (e.g. Ti0,,>¢7088-91 W(Q3,92-93
and Fe,03°7°%%698)  hydroxides (Ni(OH);)°*"°' and ternary
oxides (e.g. BiV0,,190102 Fev(0,°' and TaON®°); and
modification  strategies, such as  doping,®7.8889.97.98
heterojunctions,®® compositing,®®
modification,8%%¢ and the use of co-catalysts.?>99-101.103 |n the
following, we shall revise some of these works in terms of the
modification strategy employed to improve the water
photooxidation process (i.e. bulk modification and
heterojunctions, surface modification, and the use of co-
catalysts).

Bulk modification and heterojunctions. Herein, we highlight
recent works that mainly change any intrinsic property of the
material, such as the density of majority charge carriers (by
doping) or their transport properties (through heterojunctions
or compositing with other materials). Regarding the latter case,
Monllor-Satoca et al.®® studied with voltammetric and
impedance measurements the effect of titanium doping on the
photoactivity improvement of hematite photoanodes (Fig. 4),
by means of compositing hematite (host) with titania (guest) at
different loading levels up to the solid state solubility limit of
both components (0-20 mol%) and with a 10-15% optimum
doping range; this approach was unprecedented!® and allowed
to gain a wider mechanistic vision of all the factors that have a
role in the photoactivity improvement (i.e. 15-fold increase in
photocurrent —Fig. 4a— and a 100-fold decrease in charge
transfer resistance, both at 1.23 Vgye —thermodynamic potential
for the oxygen/water redox couple—).

passivation,®%-23 surface
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integration of the density of surface states profiles, estimated from impedance measurements under illumination. (c) Thermodynamic scheme of the charge generation, transfer
and recombination processes at the biased (1.23 Vgye) hematite/titania electrode under illumination, for intermediate and optimum titania doping values (5-15%). (d) HR-TEM

micrograph of the hematite/titania 20% sample, shown as a coloured inverse FFT image highlighting the hematite (Fe,0;, red) and pseudo-brookite (Fe,TiOs, green) crystallographic

phases. (e) Kinetic scheme of the charge generation and transfer processes at the biased (1.23 Vgue) hematite/titania-electrolyte interface under illumination, for the optimum titania

doping values (10-15%). Reprinted with permission from Ref. 91. Copyright 2015 The Royal Society of Chemistry.

In particular: (i) surface and charge donor density of states (Fig.
4b), where its optimal ratio allowed both a good material
conductivity and a better hole trapping-transfer kinetics at the
SEI (Fig. 4e), and (ii) hematite-pseudobrookite (Fig. 4c and Fig.
4d) and titania-pseudobrookite heterojunctions, where the
former portrays a beneficial cascade charge transfer effect,
while the latter has a deleterious “hole mirror” effect.1%

As for doping, recent work has been directed to the
improvement of both binary and ternary oxides. In this way,
Cots et al. have studied the doping of hematite with Mo,>”*7
which was shown to be compatible with modification (surface
passivation) with Yb.°® Quifionero et al.}®® attempted the
improvement of bismuth vanadate photoanodes by means of
La- or Ce-doping, and its subsequent surface modification with
Au nanoparticles, as the bare material is recognized to suffer
from low charge transport and transfer rates at the SEI.1% With
a 1 at% and 2 at% of La and Ce, the water photooxidation was
2.3- and 4-times increased, respectively; this enhancement was
probably due to the passivation of surface states, and the
likeliness of lanthanum and cerium oxygenated species present
at the surface that could yield a more negatively charged
surface, as manifested by a negative shift on the flat band
potential in both cases. Further modification with Au
nanoparticles showed an enhanced photocurrent as they acted
as co-catalysts with no surface plasmon resonance effect, as

8 | Chem. Commun., 2020, 00, 1-3

shown from a direct comparison between the absorption
spectra and the IPCE curves of the modified electrodes, in which
no photocurrent arises in the plasmonic band region (ca. 580
nm). Interestingly, this double bulk-surface modification could
lead to photoanodes that are potentially viable in bias-free
tandem devices.

Another interesting dual bulk-surface modification example
is that from Kim et al.?® where titania nanotube electrodes are
both N-doped and surface modified with a TaON shell, which
synergistically improves the photocurrent through an enhanced
visible activity and a passivation of deleterious surface states
induced by N-doping.

Surface modification. Now we shall present some works
related with changes at the SEI (i.e. interface conditioning) that
affect the charge transfer properties of the material, for
instance through (ionic or dipole) adsorption or deposition of
conformal (passivating) overlayers. Among the adsorption-
based methods, one of the most studied has been the
fluorination of titanium dioxide in photo(electro)catalysis;'07108
in this regard, we extensively studied the photoelectrochemical
behavior of surface fluorinated nanoporous TiO; electrodes.”>88
In particular, we demonstrated the effect of fluoride adsorption
of the voltammetric behaviour of titania electrodes both in the
dark and under illumination (Fig. 5).88

This journal is © The Royal Society of Chemistry 2020
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In the dark, fluorination induces an increased capacitance in the
accumulation potential region (Fig. 5a) for all TiO, electrodes
tested, due to the band edge level pinning phenomenon that
favors proton insertion in the TiO; particles without a significant
change in the Helmholtz layer potential drop (Fig. 5e). On the
contrary, the behavior under illumination is dependent on the
TiO, sample used and the substrate degraded. Fluorination
increased the photocurrent for water (Fig. 5b and Fig. 5c) as
well as for the oxidation of methanol, phenol and catechol (Fig.
5d), but decreased it for the oxidation of formic acid. The
observed behavior could be rationalized in terms of the Direct-
Indirect mechanism mentioned above.3%1%° Substrates that do
not strongly adsorb on titanium dioxide show a reduced
recombination rate and an enhanced indirect oxidation rate by
surface trapped holes (i.e. methanol, water). In contrast, those
strongly chemisorbed show a diminished direct oxidation rate
by valence band holes (i.e. formic acid), as fluorination displaces
the substrates from the surface. In the case of phenol and
catechol (Fig. 5d), fluoride prevents surface poisoning by
oxidation intermediates, thus yielding enhanced photocurrents.

Another surface modifier that has been proven effective is
trimethyl aluminum. In fact, hematite electrodes were shown
to display an enhancement of the photoelectrochemical
properties toward water oxidation upon modification.®® The
effect was attributed to an improvement in charge carrier

This journal is © The Royal Society of Chemistry 2020

transport based on synchrotron radiation photoemission and X-
ray absorption spectroscopy results.

Other examples of surface modification show an increased
photoactivity, either through core-shell systems®® or conformal
overlayers.?® In the former case, Kim et al.?° showed that
compositing titania with graphene was beneficial for the
degradation of pollutants and water oxidation, as graphene
enhanced charge separation. In the latter case, Kim et al.®?
uncovered, through voltammetric and transient spectroscopic
measurements, the role of alumina overlayers on tungsten
oxide as passivation layers for water photooxidation.

Co-catalysts. Finally, we will review a particular case of
surface modification in which a new catalyst is incorporated on
the surface of the photoanode to promote processes that
portray sluggish kinetics with the bare photoactive material,
such as the OER. In particular, we will cover the use of nickel
hydroxide (both as a standalone electrocatalyst®® and a co-
catalyst with vanadate photoanodes!®') and molybdenum
sulfide with Ti0,.193 Cibrev et al.® prepared and studied the
electrochemical performance of ultrathin and transparent
Ni(OH); layers deposited on conducting glass (i.e. FTO, Figs. 6a-
c). We observed that the catalytic activity (i.e. turnover number)
for the OER could be varied at will and in a wide range of values
(over 7 orders of magnitude), showing an almost inverse
dependence with the amount of catalyst deposited (Fig. 6d).
Interestingly, we deduced that the optimum activity occurred

Chem. Commun., 2020, 00, 1-3 | 9
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for 1 nm-thick layer of Ni(OH), and thicker films did not show an
improved electrocatalytic activity. These results open up the
preparation of efficient transparent films of co-catalysts over
photoanodes, which could be interesting in practical
photoelectrochemical devices. Similar results have been
obtained for Fe(OH), and Co(OH), ultrathin layers deposited on
conducting glass.!*?
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Fig. 6 (a, b) Cyclic voltammograms for bare FTO (blue line) and FTO/Ni(OH), electrodes,
corresponding to deposition times of (a) 20 min, 80 min and 2 h (green, red, and black
lines, respectively) and (b) 2.5 h, 3 h and 3.5 h (black, red, and green lines, respectively).
Inset: detail of the voltammetric curves in the high potential region. (c) Current density
for the oxygen evolution reaction (OER) at 0.7 V for FTO/Ni(OH), electrodes versus the
charge density for the reduction of NiOOH. (d) Turnover number (TON) for the OER at
0.7 V for FTO/Ni(OH), electrodes as a function of the Ni(OH), deposited mass per unit
geometric surface area. Reprinted with permission from Ref. 99. Copyright 2012
Hydrogen Energy Publications, LLC. Published by Elsevier Ltd.

Subsequently, Quifionero et al.*®! optimized the amount of
Ni(OH), to be deposited as OER co-catalyst on BiVO,4 and FeVO,
photoanodes (Fig. 7). Using dark voltammetry, we were able to
estimate the amount of deposited co-catalyst, showing that the
photoactivity of the vanadate-based photoanodes reached an
optimum at only 0.46 and 1.68 monolayers of Ni(OH), on BiVO,4
and FeVO,, respectively (Fig. 7a and Fig. 7b); similar optimum
monolayer amounts were observed with La- and Ce-doped
BiVO, photoanodes. In all cases, the Ni(lV) species were the
actual electrocatalytic centers, generated upon a successive 2
hole capture by Ni(ll); then, Ni(IV) species transfer the holes to
oxidize water, catalytically re-generating Ni(ll) species on the
surface (Fig. 7c). In this line, Jeon et. al®> have very recently
published an example of a catalytic cycle mediated by Ag(l)
species adsorbed on a WOs photoanode, acting as a hole
scavenger species that upon illumination reversibly transferred
the photogenerated hole to water, re-generating Ag(l) in a
continuous redox cycle, only limited by the photoreduction of
Ag(l) to Ag(0).

10 | Chem. Commun., 2020, 00, 1-3
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Fig. 7 (a) Photocurrent density for the oxygen evolution reaction (OER) at —0.5 V for
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and 6. (c) Diagram for the mechanism through which the Ni(OH), deposit acts as a co-
catalyst for the OER. Reprinted with permission from Ref. 101. Copyright 2017 Elsevier
B. V.

To conclude, we will discuss the work of Recatald et al.1%3
who prepared molybdenum sulfide clusters (MosS7) from the
respective Mo complexes adsorbed on titanium dioxide; upon
illumination, this hybrid system was reduced to generate MosS;,
which subsequently acted as HER co-catalyst. This system
showed a reduced overpotential for hydrogen evolution (up to
300 mV for 1 mA-cm™), and a significant increase of the
hydrogen photogenerated in the presence of sacrificial hole
scavengers (i.e. sulfide and sulfite). From a practical
perspective, this system represents a simple and controlled
modification method that could be used with other materials.

This journal is © The Royal Society of Chemistry 2020
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Water photoreduction

In the context of water splitting with metal oxides, (including
those with a complex stoichiometry, i.e. ternary oxides), reports
on photocathodes are much scarcer than those dealing with
photoanodes. In principle, metal oxides photocathodes are
advantageous as compared to traditional IlI-V or II-VI
semiconductors (e.g. GaAs or CdS) as they tend to be more
stable in the dark, cost-effective, and available (usually made of
common metals).?> However, promising p-type metal oxides
generally have a tendency to photocorrode in aqueous
environments,?> which limits their practical application.
Therefore, significant efforts in last years have been devoted to
finding low-band band gap, stable and efficient metal oxide
photocathodes, engineered with strategies such as
nanostructuring, formation of heterojunctions, deposition of
protective layers or loading of co-catalyts.1!!

Binary and ternary oxides. Among binary oxides, copper
compounds have attracted most of the attention. Specifically,
Cu,0 displays the highest photoelectrochemical
performance,’'27115 35 it has a rather narrow band gap, allowing
for the absorption of most of the visible spectrum. However, it
is difficult to achieve a reasonable material photostability.16:117
The most common approach adopted for protecting copper (I)
oxide is the conformal deposition of a thin overlayer of TiO; by
ALD.'2 The high cost and low scalability of this method
precludes its widespread use for larger-size electrodes to be
used in practical devices. Recently in our laboratory, Cots et
al.''7 synthesized CuO nanowire array electrodes with high
photoactivity (Fig. 8a) and a faradaic efficiency for hydrogen
generation of 45%. To protect the photoelectrode against
photocorrosion, an iron solution was drop-casted on the CuO
electrodes, which upon heat treatment lead to a CuFe,04 spinel
shell. Upon this treatment, although a decrease of the
photocurrent (and the dark current) occurs (Figs. 8a-b), a
significant stabilization of the photoresponse was observed
(Fig. 8c), increasing the HER faradaic efficiency to 100%. Thus,
this method is beneficial for practical purposes due to its cost-
effectiveness and potential scalability although it needs to be
effectively combined with co-catalysts to enhance the
response.

On the other hand, ternary oxides comprise a wide number
of promising materials, such as spinels, delafossites,
perovskites, scheelites and other families, which could
potentially fulfill the requirements for light absorption, stability
and photoactivity for solar hydrogen generation. Among them,
CuBi,04 has attracted considerable interest,''8120 reaching
relatively high photocurrents, although instability under
illumination has also been reported.?!

In this context, CuFe,04 spinel stands out because of its non-
toxicity, environmental benignity and its composition based on
Cu and Fe, which are earth-abundant elements. In this regard,
We have prepared nanostructured spinel films (30 nm in
diameter) by doctor blading a paste of commercial
nanoparticles.'??> The bare electrodes presented small anodic
photocurrents. However, once subjected to an oxidative
electrochemical treatment (i.e. multiple voltammetric cycles up

This journal is © The Royal Society of Chemistry 2020
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to a sufficiently positive potential, concretely, 1.6 Vrue in basic
media), the photoelectrode character shifted to p-type, with an
enhanced photoresponse. We hypothesized that the
electrochemical treatment induces the formation of acceptor
species in the solid. This strategy could open up new prospects
for the formation of self-dopant species within metal oxide
structures. From a practical perspective, as the photocurrent
onset potential of the modified electrode was located at 1.1
Vrue, @ rather positive value, it is feasible to combine CuFe,04
with an n-type material in a tandem PEC device. In a similar way,
Park et al.123 developed a flame-annealing method to synthesize
CuFe,04 electrodes with a low density of oxygen vacancies,
reaching photocurrents exceeding all the previously reported
values.’?®> However, the stability issue still needs to be
addressed for the practical use of this oxide.
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Another interesting group of materials is constituted by
Cu(l) delafossites, which have been studied as transparent
conductive oxides (TCOs) for optoelectronic devices,*?* as they
generally exhibit high carrier mobility and transparency. Among
the delafossite family, CuFeO; should be highlighted owing to
its narrow band gap (1.5 eV), being the most studied delafossite
in the context of water splitting.12>-1?8 Despite its generally good
stability in aqueous environments, the photocurrents in the
absence of O; (as electron scavenger) are very low. It has been
reported that Fermi level pinning linked to the Fe3*/Fe?* couple
hinders the HER reaction in this material.}>>30 Remarkably,
NiFe an CoFe layered double hydroxides (LDH) co-catalysts on
CuFeO, have led to
photoresponse.1?7:128

major improvements in the
studied thin

transparent CuCrO; films as photocathodes for water splitting

Diaz-Garcia et al.'3!

synthesized by a simple sol-gel method. In contrast with
CuFeO,, the as-prepared bare electrodes already showed a
relatively high IPCE (6% at 350 nm) for proton reduction with a
rather positive photocurrent onset potential and remarkable
photostability in both acidic and alkaline media. In view of the
outstanding photoelectrochemical properties of this material,
increasing its visible light absorption (for instance, by doping)
seems imperative for its potential solar application, as the
pristine material has a band gap of 3.15 eV.

Iron perovskites have been also investigated for water
splitting, including BiFeOs,13%133 YFe03,34 and LaFeOs, being the
latter the most studied. Lanthanum iron perovskite electrodes
can exhibit both photoanodic or photocathodic behavior,
depending on the synthetic route and conditions.3>"13%8 Wwe
have reported a straightforward wet chemical method to
synthesize p-type thin film LaFeOs electrodes.*?” By introducing
Mg or Zn as dopants, the p-type character is enhanced. For a
LaFep.95Mo.0s03 (M = Mg or Zn) stoichiometry, a 6-fold increase
of the photocurrent is attained in the presence of O, with
respect to the pristine material (Figs. 9a-b). This effect is
attributed to the substitution of trivalent Fe atoms by divalent
Mg and Zn atoms in the perovskite lattice, which likely induces:
(i) an increase of the Fe** density, and (ii) an improvement of
carrier mobility due to lattice distortion. Impedance
spectroscopy analysis through Mott-Schottky and Nyquist plots
confirmed an increase in both charge carrier density and
conductivity. Doping with equivalent quantities of either Mg or
Zn led to similar photocurrent values, suggesting that both
cations produce similar effects within the perovskite structure
(Fig. 9a).

12 | Chem. Commun., 2020, 00, 1-3
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Fig. 9 (a) Photocurrent transients at —0.25 V vs Ag/AgCl for pristine LaFeOs; and
doped LaFe;,M,03 (M = Mg or Zn) with x = 0.05 and (b) Stationary photocurrent
at —0.25 V vs Ag/AgCl after 60 s of illumination as a function of x in LaFe;.,,M,03 (M
= Mg or Zn) electrodes in O,-purged 0.1 M NaOH. Reprinted with permission from
Ref. 137. Copyright 2017 Wiley-VCH Verlag GmbH & Co.

Modeling impedance measurements with ternary oxides.
Understanding the SEl under illumination is helpful to unveil the
critical steps limiting the photoresponse of a particular material.
In turn, this should facilitate the selection of appropriate
strategies for improving their photoelectrochemical
performance. Impedance spectroscopic techniques can provide
important clues in this regard. The most commonly followed
approach consists in modeling the interface as a combination of
resistances and capacitors (equivalent circuits).?3% 141 |n
contrast, models comprising kinetic steps and the capacitive
behavior of the double layer are significantly more complex,
although the obtained model parameters have a clearer
physical meaning.

This journal is © The Royal Society of Chemistry 2020
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Traditionally, these studies have focused on n-type oxide
materials, but they can be easily extended to p-type SCs. For
instance, Ponomarev et al.'*? investigated p-InP electrodes only
by appropriate sign reversal of a model valid for n-type
photoelectrodes. Later on, some of us'*® used the model
developed by Leng et al.'** for n-TiO, to study p-CaFe,04
photocathodes (Fig. 10a). Electrons were considered as
minority carriers, and the HER mechanism taken into account
(Fig. 10b). For the first time, as far as we know, a kinetic model
(without using equivalent circuits) was employed to describe
the SElI at an illuminated metal oxide photocathode. A
remarkable good fit of the experimental data (in both Nyquist
and Bode plots, Fig. 10c) was achieved. The following
mechanism was assumed (Fig. 10b): (i) electrons in the
conduction band can be trapped at surface states or be
transferred to the electrolyte, (ii) recombination can take place
in the bulk and via surface states, and (iii) electron transfer to
the electrolyte likely occurs from the conduction band rather
than from surface states. Both recombination and charge
transfer kinetic constants were observed to depend on applied
potential, suggesting that an intermediate situation between
Fermi level pinning and band edge pinning prevails at the SEI. In
addition, it was also demonstrated that most of the
photogenerated charge carriers recombine in the SC bulk.
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Fig. 10 (a) Linear sweep voltammogram under transient illumination for a calcium
ferrite electrode. (b) Scheme illustrating the different charge transfer processes at
the p-type semiconductor-electrolyte interface (SEl). (c) Nyquist plots under
illumination for different potentials showing experimental points (black solid
symbols) and simulated curves (red open symbols). Points corresponding to ®max
are marked in green. Inset: experimental and simulated Bode plots at -0.3 V.
Illlumination: 93 mW-cm?2, AM 1.5G. Electrolyte: N,-purged 0.1 M Na,SO,.
Reprinted with permission from Ref. 143. Copyright 2016 American Chemical Society.
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Tandem processes and modeling View Article Online
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As discussed above, the fact that the ox?des can be

employed for both cathodic and anodic processes in artificial
photosynthesis, including water photosplitting, makes feasible
to devise all-oxide-based photosynthetic devices. Fig. 11
illustrates the three modalities in which artificial photosynthesis
can occur in the case of systems formed by nanoparticles of
oxides immersed in an agueous medium. We have, on the one
hand, the system consisting of a single semiconductor oxide
(Fig. 11, left). It is very difficult to find a material that produces
the photoelectrolysis of water with reasonable efficiency in this
case, since it is necessary that: (i) both the CB and VB edges
straddle the levels corresponding to the redox pairs H,O/H, (or
those corresponding to CO,/CH,0;) and O,/H,0, and (ii) the
bandgap is narrow enough as to enable efficient sunlight
harvesting. In addition, it should be noted that there must be
some extra driving force for the transfer of charge carriers to
occur (because of the existence of significant overpotentials,
particularly for water oxidation). In contrast, the realization of
artificial photosynthesis in two stages makes it possible to
obtain greater efficiencies and multiplies the possibility of
finding more promising systems since two photoactive
materials are now combined. In this case, oxidation and
reduction photoreactions occur in separate materials whose p-
or n- characteristics and the position of their bands have been
optimized to perform one of the half-reactions. In addition,
having the two redox processes spatially separated enables the
search of specific co-catalysts for both anodic and cathodic
reactions.

As observed, in the case of systems consisting of dispersed
semiconductor particles, there are two possibilities to combine
the two photoactive materials. First, a reversible redox pair
whose level must be between the CB edge of the material that
supports photooxidation and the VB edge of the material
supporting photoreduction (Fig. 11b). Secondly, the direct
particle junction of the two photoactive materials could be
envisaged (Fig. 11c). Among the oxides commonly employed for
water oxidation, one finds TiO,, WO3, Fe,03, BiVOg4, ZnO, CoOy,
CoTiOs3, LaFeOs, BiOx and oxides with more complex
stoichiometries based on Bi and either Ta or Nb. The choice of
oxides for sustaining water reduction is much more limited,
being SrTiOs with an appropriate co-catalyst, the most
typical. 145146

The concepts presented above for a dispersed particle
system can be easily extended to photoelectrochemical cells.
Fig. 12 illustrates the functioning of photoelectrolysis cells
based on a photoanode + dark cathode (Fig. 12, one stage left),
a photocathode + dark anode (Fig. 12, one stage right), and a
photoanode + photocathode combination (Fig. 12, left). The
latter are made up of two photoelectrodes: one n type, which
will work as a photoanode and another p type, which will act as
a photocathode. This is the way in which the so-called tandem
cells are constructed. In tandem cells, both electrodes are
photoexcited by the same light beam. This is achieved with
photoelectrodes whose light absorption is complementary. The
light passes first through the wide band gap material and
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subsequently it is absorbed by the narrow band gap material.
Obviously, the electrolyte solution separating the electrodes
could absorb part of the light, causing efficiency to decrease.
One could conceive photoelectrochemical cells with two
photoelectrodes that are illuminated in parallel rather than in
series. These are also considered by many authors as tandem
cells. 7

It is well-known that developing tandem cells may benefit
from the facts that: (i) it is more likely to find a pair of

gfeV

E/V vs. RHE

ChemComm

photoelectrodes whose band edges are located., at othe
appropriate energies to carry out wat&OphoteoXiddtidttand
water or CO, photoreduction than to identify a single
photoactive material; (ii) it is easier to find specific co-catalysts
for each of the redox processes so that there is no interference
between them; and (iii) the maximum theoretical efficiency that
can be achieved is larger than in cells with a single
photoelectrode.14814°

Fig. 11 Band diagrams and redox processes involved in the photoelectrolysis of water for systems consisting of a single photoactive maternal (one stage, left) and two photoactive

materials in the presence of a redox mediator (center) or by direct contact (right).

Lately, we have been devoting a significant effort for the
clarification of the factors that influence the solar-to-hydrogen
(STH) conversion efficiency either under zero-bias conditions or
under applied bias (Applied bias photo-to-current efficiency,
ABPE, for hydrogen generation). Although this question has
been dealt with in several papers, a quasi-analytical approach
based on the classical Gartner model has not been reported yet.

w o v
o) N i
= 2
(7] =
w wy
F o
o =
'_
———
o
H,0
| H0m HaO H,:
H, H, L)
h* 1
H,0 H;0 i
| je=H:0 | L] !
h+ 02 02 //‘;: ——-hf 01
|

|
Fig. 12 A schematic illustrating the photoelectrochemical variants of artificial

photosynthesis systems in one and two stages. In the case of the one-stage
system, the photoelectrode could sustain either the oxidation (photoanode) or
reduction (photocathode) process, while the other half-reaction is performed by
a conventional non-photoactive electrode (cathode or anode, respectively). In the
case of the two-stage system, where a photoanode and a photocathode are
connected in series, the electrochemical device is known as a tandem cell.

14 | Chem. Commun., 2020, 00, 1-3

We have recently embarked on such a project. It is instructive
to show that the ABPE (or the STH efficiency) may substantially
differ from the maximum value calculated on the basis of
electrode bandgaps because of different properties that are
central in the field, such as, for instance, the diffusion length of
the minority carrier, the separation of photocathode and
photoanode flat band potentials, the absorption coefficients, or
the doping density. The electronic structure of oxides is
characterized by a weak curvature of the energy vs. momentum
curve, leading to large effective masses for the charge carriers
and thus to short diffusions lengths. This is particularly critical
for the minority carriers. Thus, efficiency calculations are
pertinent as the photoelectrochemical behavior is most of the
times far away from ideal, limiting the usefulness of typical
theoretical studies. It is worth noting that recent studies have
attempted to address this question, at least partially.14%1%0 In
our model we have neglected mass transport limitations and
light absorption by the electrolyte, while the behavior of both
electrodes has been considered to follow the ideas delineated
by Gartner, either for front-side or back-side illumination. Light
absorption is considered to follow a simple model (Tauc
relationship). In addition, surface recombination and carrier
transfer constants are considered in an explicit way.

This journal is © The Royal Society of Chemistry 2020
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To illustrate the potential usefulness of this type of
calculations, Fig. 13 shows a set of ABPE curves as a function of
the applied bias (V) for different values of the doping density
(Fig. 13a), minority carrier diffusion length (Fig. 13b),
absorption coefficients (Fig. 13c) and difference between flat
band potentials of photocathode and photoanode (Fig. 13d). All
these properties refer to the photoanode (wide band gap
material). As observed, relatively high values for the conversion

photocathode
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efficiency can be attained for the reference sggpario. with
substantial surface recombination and BHixéd (SRGYScati&dE:
The effect of the parameters mentioned above on the
maximum ABPE is dramatic, particularly in the case of the
absorption coefficient and the minority carrier diffusion length.
In any case, this type of calculations should be useful for guiding
the choice of the most promising materials taking into account
the intrinsic non-ideality of practical oxide electrodes.
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Fig. 13 ABPE vs. bias (V) curves of a tandem cell for different values of the photoanode properties, including: (a) doping density, Np; (b) minority carrier diffusion length, L,; (c)
absorption coefficient values at 400 nm (assuming direct band gap and Tauc equation: athv = A(hv—Eg)O'S, for different values of A ranging from 107 to 108 eV°> m); and (d) difference

between the flat band potential for the photocathode and the photoanode. Inset in (d) shows the model parameters used in the calculation, being the photoanode thickness of 100

nm. Inset in (a) displays photocurrent (absolute values) as a function of potential for both photocathode and photoanode (for different doping densities).

Together with the problem of low efficiencies, what makes
it difficult to develop devices is to find semiconductor electrode
materials presenting enough stability in contact with the typical
either acid or alkaline agueous media. Oxides will tend to be
more stable in an aqueous environment than semiconductors
such as chalcogenides. In fact, some photoanode materials have
enough stability in acid (e.g. WOs3) or alkaline (e.g. Fe,03)
environments. However, the challenge of finding efficient and
stable p-type oxide electrodes still needs to be addressed.

A direction to palliate the stability problem could be based
on alternative photoelectrolyzer designs. In this respect, it is
particularly interesting to advance toward the development of
quasi-solid-sate devices in which the liquid electrolyte is
substituted by a polymer electrolyte membrane. Recent results
obtained in our laboratory in collaboration with Aricd’s
laboratory (ITAE-CNR, Italy) show that this option is feasible by
working with a tandem device based on a hematite photoanode
and a CuO photocathode. Photoresponses like those obtained
in a conventional liquid electrolyte were obtained, but with a
greater stability of the semiconductor electrodes.’>>152 This is
particularly important in the case of the photocathode, which is

This journal is © The Royal Society of Chemistry 2020

prone to severe photocorrosion, except for some delafossites,
as mentioned above.126:129.131

Although significant progress has been made in the last
years, the development of practical water splitting (artificial
photosynthesis) photoelectrochemical devices requires
additional effort. Both the conversion efficiency and the
stability of the photoelectrodes need to be addressed,
considering that they scale differently with the band gap.
Increasing the conversion efficiency will depend on finding
oxides with narrow bandgap and appropriately engineered bulk
and surface properties promoting carrier mobility and transfer
to the electrolyte. For increasing stability, three compatible
directions could be explored: (i) finding new materials (ternary
or multinary oxides); (ii) identifying appropriate means of
protecting the electrode surface, including the use of co-
catalysts; and (iii) substituting the conventional liquid
electrolytes by polymer electrolytes. The latter will bring about
new device designs closer to the flat configuration desirable for
the mass deployment of this technology.
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Conclusions and Outlook

In recent years there has been a tremendous effort to
develop new electrode materials based on transition metal
oxides. However, there are many aspects that still need to be
improved to enable their use in devices converting solar energy
into chemical energy or in environmental applications. The
Achilles’” heels of these materials are their sometimes-low
stability in contact with aqueous media under illumination as
well as their low conversion efficiency.

The stability of oxides is generally better than that of other
semiconductors (e.g. chalcogenides), and some of them show a
satisfactory photostability for many applications (e.g. titanium
dioxide, tungsten trioxide and hematite); however, durability
should be improved in the cost-effective copper-based binary
and ternary oxides, which commonly have a clear tendency to
photocorrode. Thus, work is still needed to stabilize these
materials. In relation to the low conversion efficiency, methods
that modify both the bulk and the surface of the semiconductor
electrodes should be considered, facilitating the mobility of
carriers and decreasing recombination both in the bulk and on
the surface. It is worth noting that a simple strategy to improve
both stability and conversion efficiency is based on
nanostructuring the electrode materials. The preparation of
structures ordered at the nanoscopic level with quasi-one-
dimensional objects (e.g. nanocolumns, nanorods or
nanofibers) is especially interesting, provided the nanoobject
diameter can be tuned to make compatible an extended
interfacial area with the existence of a space charge region in
the electrodes, which certainly enhances charge separation and
decreases recombination within the semiconductor.

The experimental work required to achieve efficient and
stable oxide electrodes should be guided (both in their a priori
orientation and a posteriori rationalization) by theoretical
physicochemical methods for, among others: (i) the selection of
new oxide materials as potential candidates in the
photoelectrochemical processes of interest; (ii) the extraction
of microscopic information on the kinetics of the different
electrode processes occurring under illumination; (iii) the
interpretation of the experimental results with kinetic models;
and (iv) the development of suitable devices to carry out
artificial photosynthesis. Regarding the materials, there is many
ternary and multinary metal oxides that are yet to be explored;
the enormous number of candidates advises the use of DFT
calculations to filter them down to an initial selection that
serves as a starting point for further experimental work.
Regarding the devices, models should comprise transport
phenomena (both in the electrolyte and the semiconductor),
besides the material and kinetic aspects of the photoinduced
charge transfer phenomena.

Finally, as a prospective outlook for the future research with
metal oxides as photoelectrocatalysts, we propose here a
succinct guideline to each of the issues mentioned above.
Regarding materials stability, the use of protective layers (made
of materials fully stable in aqueous media) should be explored
in the future, but with greater emphasis on cost efficiency and
scalability than up to now; moreover, the use of co-catalysts

16 | Chem. Commun., 2020, 00, 1-3

that channel the transfer to solution of minority,canriersois, @
method of improving stability and additidtal &@fféPts dheitdhe
made in this direction. As for their low efficiency, protective
layers can promote increased conversion efficiency by allowing
selective transport of minority carriers, while blocking that of
majority carriers. In any case, the use of co-catalysts and doping
will be of particular importance.

Concerning the modeling of materials, DFT calculations will
provide reliable electronic structures for the oxides. We expect
that, in the coming years, the number and quality of
publications on oxide electronic structures and on the
electronic and optical properties derived therefrom will
increase. This approach will also be useful for optimizing
photoactivity improvement strategies, such as doping. On the
other hand, kinetic modeling should allow the identification of
the limiting steps under operation and it is therefore especially
useful to wunravel all the information provided by the
electrochemical methods resolved in the frequency or time
domains. Finally, at the device level, the theoretical studies
should guide design, having in mind the potential up-scaling and
marketing, while helping to improve the conversion efficiency
and especially the stability of the photoelectrodes. In this sense,
the development of tandem photoelectrochemical cells based
on polymeric electrolyte membranes can be a pathway for
designing durable and scalable devices.

All in all, we believe that in the near future new
opportunities will continue to appear for researchers who are
currently working on these issues as well as for newcomers
wanting to join the exciting challenge of achieving conversion
and storage of solar energy in a cost-effective and
environmentally benign way. There is no doubt that in the
coming years, efforts will concentrate in this direction, to
contribute to the de-carbonization of our energy system and
our economy. The multidisciplinary approach that we have
illustrated in this contribution can hopefully serve as an
inspiration for the emergence of new and promising ideas.
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