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% Check for updates Efficient sunlight-to-energy conversion requires materials that can generate

long-lived charge carriers upon illumination. However, the targeted design
of semiconductors possessing intrinsically long lifetimes remains akey
challenge. Here using a series of transition metal oxides, we establish a

link between carrier lifetime and electronic configuration in transition
metal-based semiconductors. We identify a subpicosecond relaxation
mechanism viametal-centred ligand field states that compromise quantum
yields in open d-shell transition metal oxides (for example, Fe,05, Co,0,,
Cr,0;and NiO), which is more reminiscent of molecular complexes than
crystalline semiconductors. We found that materials with spin-forbidden
ligand field transitions could partially mitigate this relaxation pathway,
explaining why Fe,0, achieves higher photoelectrochemical activity than
other visible light-absorbing transition metal oxides. However, achieving
highyields of long-lived charges requires transition metal oxides with d° or
d" electronic configurations (for example, TiO, and BiVO,), where ligand
field states are absent. These trends translate to transition metal-containing
semiconductors beyond oxides, enabling the design of photoabsorbers with
better-controlled recombination channels in photovoltaics, photocatalysis

and communication devices.

Photosynthetic devices need to couple short-lived excited states to kinet-
ically slow chemical reactions at the catalyst surface, which requires the
generation oflong-lived charge carriers'. For example, biological photo-
synthesissacrifices up to half of its light energy input to gain the carrier
lifetimes required to drive chemical reactions® Similarly, lifetime gain
via suppression of fast recombination pathways is essential in artificial
photosynthetic systems. This suppression s typically achieved through
theapplication of external electrical bias**, the use of sacrificial reagents’
or the construction of rectifying junctions®. The design of materials with
longintrinsic carrier lifetimesis key for developing more efficient solar
energy conversion devices; however, it remains challenging to identify
descriptors capable of predicting carrier lifetimes.

Transition metal oxides (TMOs) are the most widely studied pho-
tocatalytic materials’ and are of interest for low-cost photovoltaics®.
Empirically, it has been found that photoexcitation of TMOs with open
(d°) or closed (d'°) d-shells can generate long-lived charge carriers
with high solar-to-chemical conversion efficiencies’ ™. For example,
d° oxides, such as TiO, and SrTiO,, have reached quantum efficiencies
near unity in photocatalytic applications''>, whichis correlated with
longer carrier lifetimes. However, light absorption by most d° or d*°
TMOs is limited to the ultra-violet (UV) region of the solar spectrum,
which constrains the amount of usable solar irradiation.

Conversely, open d-shell (d"-d°) TMOs absorb more visible
light but struggle to efficiently convert their absorbed photons into
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Fig. 1| Optical and electronic properties of the open d-shell TMOs Cr,0;, Fe,0;
and Co,0,. a, Ground state optical absorption spectra in polycrystalline thin
films. The dotted lines indicate LF, spin-flip (SF), LMCT and MMCT transitions.
Herein, we focus on LF and LMCT states. Red dashed lines represent bandgap
energies determined by Tauc plots. b, The single-particle electronic band
structures calculated from DFT with the HSEO6 exchange-correlation functional.

¢, Electronic state diagrams illustrating that LF excitations lie within the band gap
of open d-shell TMOs, opening up pathways for energetic relaxation. Because
spin changes hinder LMCT-LF transitions, we distinguish whether LF states can
beaccessedin aspin-allowed (orange) or spin-forbidden (red) manner from the
LMCT state. Theindicative optical transition energies are adapted from
refs.18,19,22.

long-lived, photocatalytically active, charges; only Fe,O,shows appre-
ciable yields, though still just ~34% of its maximum water oxidation
photocurrent™. The reason for the low yields of long-lived reactive
chargesin open d-shell TMOs has remained unclear, raising the ques-
tion of whether it is possible to synthesize a material with both broad
spectrallight absorptionand high photocatalytic quantumyieldsinthe
visible range—a combination considered essential for the successful
commercialization of direct solar-to-fuel devices®.

Here, we use time-resolved optical spectroscopy and electronic
structure calculations to establish a correlation between the electronic
configuration of the metal atoms in TMO photoabsorbers and the
attainable carrier lifetime. We find that ligand field (LF) states, resulting
fromthe rearrangement of the electron occupancy within the metald
orbitalsupon photoexcitation, are responsible for afast deactivation
mechanismthat ultimately sets the threshold for the attainable carrier
lifetime in open d-shell TMOs. LF states strongly depend on the metal
charge state and coordination environment and have been studied
extensively for molecular complexes'®”. In contrast, LF states have
largely been overlooked in solid-state photoabsorbers.

Our results suggest that the availability of LF statesis responsible
forthe performance trends observed between open and empty/closed
d-shell TMO photocatalysts. Moreover, we find that the absence of LF
states also explains the success of high-absorbing, high-performing
photovoltaic systems such as chalcopyrites (for example, CulnSe,) and
halide perovskites (for example, CsPbl;). The model we present points
towards strong parallels between TMOs and molecular light absorbers
and provides a descriptor to predict and, potentially, extend carrier
lifetimes in solar energy conversion materials.

Electronic statesin TMOs

To evaluate links between electronic structure and carrier lifetime,
we first focus on the optical response of open d-shell oxides in the
UV-visible (UV-vis) range, as exemplified by Fe,0,, Cr,0; and Co;0,.
Their structural characterizationis shown inthe Supplementary Infor-
mation. The distinct absorption features in these materials (Fig. 1a)

canbe understood as follows (the vertical red lineindicates the band-
gap determined via Tauc plots in the Supplementary Information).
Charge transfer (CT) transitions are optically bright with high oscillator
strengths and occur from oxygen to metal (ligand-to-metal charge
transfer, LMCT) or between two metal centres (metal-to-metal charge
transfer, MMCT). Photoexcitation of these transitions leads directly
toadegree of spatial charge separation. In contrast, LF transitions are
associated witharearrangement of electron density within the d-orbital
manifold on the same metal centre.

Cr,0;hasaseries of LF transitions at subbandgap energies due to
the a configuration of Cr(lll), which allows the absorption of visible
light despiteits large bandgap. The transitions around2.1eV (590 nm)
correspond to spin-allowed t,,""" to t,,""e," excitations on the Cr(III)
ion in an approximately octahedral LF*® and contribute to the green
colour of the bulk material. In contrast, subbandgap LF transitions
in Fe,0,, where Fe(ll]) features a d° configuration and exists within
an octahedral LF, are spin-forbidden owing to the half-filled t,,’ e,>
ground state of Fe. These transitions are not well resolved owing to
their low oscillator strength but canbe observed from1.4 eV (886 nm)
in bulk samples'. The relevance of the Fe,0, LF spin configuration
for its photoelectrochemical performance is explored later. Co,0,
has CT transitions in our 0.8-2.8 eV absorption probe range, plus
a combination of long-wavelength LF transitions involving tetra-
hedral Co(ll) d” and octahedral Co(lll) d® ions in the near-infra-red
(NIR) range®.

Theelectroniccomposition of band statesis typically rationalized
using density functional theory (DFT) calculations as shownin Fig. 1b.
For our open d-shell TMOs, O 2p and metal 3d orbitals dominate the
bandgap region of the density of states. While the conduction band
edge is predominantly composed of metal 3d states in all cases, the
valence band edge exhibits increasing O 2p character from Co;0, to
Cr,0; to Fe,0;. For comparison, for the empty d-shell TMO TiO,, the
valence band edge consists almost exclusively of O 2p states”. While
such orbital pictures provide insights into the CT character of atransi-
tion, they do not capture LF excitations.
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Fig. 2| Spectral signatures of photogenerated charges on the femtosecond-
nanosecond timescale. a-c, The transient absorption spectra for Fe,0, (a),
Co,0, (b) and Cr,0, (c) upon LMCT excitation (3.10 eV, 2.76 eV and 3.76 eV,
respectively). d-f, The transient absorption spectra for Cr,0; upon LF excitation
(2.70 eV) (d). The transient absorption amplitudes are expressed as mAA, where
1mAA =107 AA (differential absorbance). The dashed black lines and dashed red

Energy (eV)

linesindicate the transitions and bandgaps shown in Fig. 1a, respectively. The
filled yellow and purple regions illustrate the shape of the broad and structured
components discussed in the text, originating from direct carrier absorption

(e) and the Stark effect (f), respectively. Note that the same number of photons
absorbed was used for comparing LF and LMCT in Cr,0,. Any smaller sharp
signals observed around 1.6 eV are probe light artefacts rather than real features.

LF transitions require explicit consideration of excited states
that include strong excitonic effects owing to their localized nature.
The energetics of atomic and molecular excitations are commonly
described in state pictures, which quantify changes in energy of the
entire system, in contrast to changesin orbital or band occupancy. The
corresponding LF transitions can be calculated from Tanabe-Sugano
diagrams. For example, the tetrahedral Co(ll) ionin Co,0, has a “A,
ground state and a low energy *T, excited state, which corresponds
to a change in the local electronic configuration frome™"*t,""" to
e, (ref. 22).

Considering these opend-shell TMOs, each of the transition metals
has LF states that lie at energies between the ground state and LMCT
excited state (thatis, at subbandgap energies) (Fig. 1c)*’. Importantly,
such LF excited states must be absent for d°/d™ oxides because their
empty/filled d orbitals prevent the promotion of d-electrons within
the d-orbital manifold. LF states are intrinsic because they are a direct
consequence of a material’s electronic structure, in contrast to other
intragap states such asthose arising from native defects and impurities.
Aswe exploreinthe followingsection, the presence of LF states opens
up intrinsic carrier relaxation and recombination pathways, making
them akey factor in solar energy conversion devices.

Distinguishing active frominactive charges

Toidentify the nature of the photoexcited statesin our TMOs, we first
evaluate the femtosecond—-nanosecond transient absorption spec-
tra obtained upon LMCT excitation (Fig. 2a-c). These transient spec-
tra consist of two signals with partial overlap: (1) a short-lived broad
component observed at subbandgap energies, illustrated in yellow as
the absorption difference between 0.5and 1.0 ps, and (2) along-lived
structured component observed in spectral regions with ground state
absorbance, illustrated inpurple as the remaining signal after 5.7 ns. The
broad component decays onthe femtosecond-picosecond timescale,
and is most clearly observed at NIR probe energies (Supplementary
Fig.18) whereits overlap with the structured component is minimized.
In contrast, the structured component has a lifetime of at least nano-
seconds. As aresult, the structured signal defines the overall spectral

shape while the spectral evolution arises mainly from the decay of the
broad component.

The broad and positive signal observed at subbandgap energies
(yellow) is associated with a photoinduced optical absorption, which
we assign to reactive charges that ultimately drive photocatalytic
target reactions’. Such broad spectral signatures, often accompanied
by Drude-like free carrier absorptioninthe infra-red range, have been
observed in several d° TMOs** 7. To further corroborate this assign-
ment for open d-shell materials, we take advantage of the isolated LF
transitions in Cr,05, which generate spatially localized rather than
mobile charges. Figure 2d demonstrates that the broad component is
completely absent upon 2.7 eV (460 nm) subbandgap LF excitation,
suggesting that no mobile charges are generated. Conversely, vary-
ing the excess energy of mobile charges by changing the excitation
energy to different above-bandgap transitions in Co;0, gives rise to
essentially the same transient features as LMCT bandgap excitation
(Supplementary Fig. 19). We thus conclude that this broad, rapidly
decaying spectral feature (shaded in yellow) arises from free carriers
indelocalized band-like states, as schematically shownin Fig. 2e.

We attribute the structured component (purple), observed at or
near ground state absorption features, to charges trapped at defect
sites. Consistent with this assignment, the amplitude of this structured
signal canbe modulated via the occupation of the subbandgap oxygen
vacancy states in Fe,O; (refs. 3,28,29) and BiVO, (ref. 30). In a recent
study, Fan et al. found that this structured signal is strongly suppressed
in low-defect monocrystalline Fe,0, films*, further supporting our
assignment to defect states. This structured signal persists up to mil-
liseconds and follows a power law decay at these longer times (Supple-
mentary Fig.20), whichisindicative of atrap-mediated recombination
process® and consistent with a previous assignment to deeply trapped
minority carriers that are largely photocatalytically inactive®.

The second-derivative-like shape of this structured component
(Supplementary Fig. 20) suggests that it results from a broadening of
the ground-state optical resonances upon photoexcitation, as exem-
plified by bleaches at the transition energies (dotted lines) identified
in Fig. 1a. Such transition broadening in TMOs has previously been
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Fig. 3| Dynamics of photogenerated charges on the femtosecond-
nanosecond timescale. a-d, The transient absorption kinetics probed at1.13 eV
(1,100 nm) as a function of photogenerated charge density for Co;0, (1.68 eV
excitation) (a), Cr,0,(3.40 eV excitation) (b), Fe,0, (3.10 eV excitation) (c) and
BiVO, (3.54 eV excitation) (d). The signal amplitude is reported as AA/n, where
the transient absorption difference signal AA is divided by the photogenerated
charge density n, to more easily distinguish between charge-density-
independent (monomolecular) and charge-density-dependent (for example,

Time (ps)

Carrier density (cm™)

bimolecular) loss processes. e, Comparison of the broad component kinetics
seenin Co;0,, Cr,0,, Fe,0,and BiVO, obtained from low fluence measurements
(-1x10" charges cm™), where any slowly decaying background arising from a
structured component has been subtracted. Analogous kinetics for TiO, anatase
areincluded for comparison (ref. 38). Traces have been normalized to the

signal maximum. f, The remaining signal fraction at 1 ps as a function of carrier
density, as anindication of the yield of charge separation (but note differences in
absorption coefficients may also contribute to differences in signal intensity).

attributed to aStark effect, caused by localinternal electric fields that
arise from trapped charges**° (Fig. 2f). Such second-derivative tran-
sient signals have been linked to trapped charges in transition metal
selenides®~* and halide perovskites®~¢, as well as to other forms of
localized carriers®. We explore these less functionally relevant trapped
carriers in the Supplementary Information, shifting our focus to the
more mobile and reactive charges for the remainder of this paper.

Temporal evolution of reactive charges

To capture the temporal evolution of reactive charge populations, we
turn to the kinetics of the broad component in our transient signal,
assigned to carriersinband-like states as detailed earlier. Figure 3 shows
transient kinetics probed at subbandgap energies for different fluences,
representing decays at different charge carrier densities. Signal ampli-
tudes are represented as AA/n, where the transient absorption differ-
encesignal AAisdivided by the photogenerated charge density n. Using
this AA/nmetric, overlappingtraces reveal charge-density-independent
(thatis, monomolecular) processes. In contrast, a divergence between
traces suggests a charge-density-dependent process involving more
thanone charge,acommon example of whichisbimolecular electron-
hole recombination.

The Co;0, kinetics shown in Fig. 3a exhibit two charge-
density-independent kinetic processes, namely, a rapid exponen-
tial decay with a time constant of 400 fs and a small slowly decaying
background. The slowly decaying background in Co,0, captures the
slow decay of'its structured component. Because the structured com-
ponent (Fig. 2a-d, purple shaded area) is not probed for any of the
other oxides presented in Fig. 3 at the chosen probe energy of 1.13 eV,
we do not address it further in the following discussion of reactive

charge dynamics. The subpicosecond decay in Co;0, is associated
with the disappearance of the broad component, suggesting a rapid
monomolecular decay of reactive charges, almost irrespective of the
charge carrier density studied. However, for Cr,0; (Fig. 3b) and Fe,0,
(Fig.3c), inaddition to this subpicosecond decay, we observe abroad
charge-density-dependent component that decays largely on the
picosecond-nanosecond timescale. The decay of this second popula-
tion accelerates with increasing charge density, which is indicative of
thebimolecular recombination of separated electrons and holes, and
is consistent with our assignment of this spectral feature to mobile,
reactive charges. For comparison, BiVO,, a d° metal oxide, primarily
exhibits bimolecular recombination kinetics (Fig. 3d).

Itisapparent that the lifetime of photogenerated charges strongly
varies between oxides. Figure 3e compares the kinetics of reactive
charges seen at low fluences in Fig. 3a-c across oxides, for which we
subtract the structured component (Supplementary Fig. 24). The
subpicosecond monomolecular decay is observed for all of our open
d-shell oxides, which we attribute to aloss of reactive charges via relaxa-
tion through their LF states, illustrated in Fig. 1c. This LF relaxation
process is temperature independent and thus barrierless (Supple-
mentary Fig. 23). Data reported by Fan et al.” further demonstrate
that this LF relaxation process is active evenin highly crystalline sam-
ples, supporting its materials-intrinsic nature. In d° and d*° TMOs,
where LF states are absent, this relaxation pathway is suppressed and
charges undergo slower bimolecular recombination, as illustrated
for BiVO, and TiO, anatase’®. As a result, with the partial exception of
Fe,0;, asubstantially larger proportion of the signal decays within the
first picosecond in open d-shell TMOs compared with those with d°
configurations (Fig. 3f).
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fluence, including literature values for TiO, (ref. 38), WO, (ref. 42), ZnO (ref. 43),
MAPI*° and CIGSe*. ¢, The electronic state diagram summarizing the possible
localization and recombination processes upon photoexcitation. We note that
defect states can also contribute to LF relaxation and polaron recombination.

Furthermore, our data suggest that differences in energy and
spin between the LMCT and LF states in open d-shell TMOs control
the dominance of LF relaxation. The dynamics of Co;0, are strongly
dominated by LF relaxation, in line with a small LMCT-LF energy gap
and a spin-allowed LMCT-LF transition. In contrast, Fe,0; exhibits a
larger population of longer-lived, reactive charges thanthe other open
d-shell metal oxides (Fig. 3f), which can be primarily attributed to its
LMCT-LF transition being spin-forbidden (Fig. 1c, red LF states). In addi-
tion, lower electron-phonon coupling in Fe,O; may play a role (Sup-
plementary Information). This larger population of reactive charges
explains the comparably higher photoelectrochemical performance
of Fe,0, foran open d-shell TMO.

Correlating electronic configuration and carrier
lifetime

We now extend our observations to a wider range of TMOs. We first con-
sider the effects of bandgap size and doping density on carrier lifetime.
In NiO, Ni(ll) has a @® configuration with LF transitions at 1.1, 1.8 and
3.2 eV (ref.23).Foranopend-shell TMO, NiO has alarge bandgap of ca.
3.8 eVyet exhibits fast monomolecular recombination (Supplementary
Fig. 25), demonstrating that it is not the typically smaller bandgap of
open d-shell TMOs that causes higher recombination rates, as might
have been expected on the basis of the energy gap law*.

Conversely, CdOis a closed d-shell @' TMO with an optical band-
gapsimilartoFe,0,, yetit exhibits long-lived mobile charges (Supple-
mentary Fig. 26). Mobile charges in @' TMOs appear in the form of a
near-band edgebleach, similar to widely used photovoltaic materials,
such as lead halide perovskites (for example, MAPI)*° or Cu(In,Ga)Se,
(ref. 41), which incorporate Pb(ll) and Cu(l) d"° metal centres, respec-
tively. At the other end of the Periodic Table, d° oxides, such as BiVO,
and anatase TiO,, exhibit bimolecular behaviour and slower decays
than open d-shell oxides even in materials with large intrinsic doping
densities (rutile TiO,and WO5) (refs. 38,42).

In open d-shell TMOs, d states incorporate into the valence band
and/or introduce lower energy LF transitions, which can give rise to

more extended visible light absorption. By contrast, TMOs with d° or
d" configurations tend to absorb a relatively small fraction of solar
photonsowingtotheir larger bandgaps (Fig. 4a). At the same time, the
availability of LF states associated with partially occupied d orbitals
induces a pathway for rapid relaxation of LMCT states, leading to much
shorter overall lifetimes of reactive charges (Fig. 4b). Interestingly,
certain d'® materials, including CdO as well as the lead halide perovskite
and chalcogenide semiconductors primarily used in solar cells (for
example, MAPI and CIGSe), break this anticorrelation and offer both
extended light absorption and long carrier lifetimes. These examples
illustrate that d'° materials are particularly promising candidates to
develop visible light absorbers with long carrier lifetimes and that our
lifetime model generalizes to other semiconductors beyond oxides.

Competing charge relaxation pathways
Our results point to rapid relaxation through LF states being the pri-
mary reason for the insufficient activity of open d-shell photocatalysts—
a pathway that, until now, has received little attention for solid-state
materials. LF relaxationis non-radiative, consistent with the negligible
photoluminescence of opend-shell TMOs, and is most pronounced for
spinand parity-allowed transitions (for example, in Co,0,). By combin-
ing the findings presented herein with the existing literature®*°**, we
establish a generalized photophysical model of TMO semiconduc-
tors, asillustrated in Fig. 4c. Upon bandgap photoexcitation, relatively
delocalized but short-lived band-like states are generated, which sub-
sequently evolve via one of three pathways: (1) LF states promote the
subpicosecond relaxation of these band-like charges in open d-shell
TMOs, (2) minority carrier trapping occurs in spatial proximity to physi-
cal defects, predominantly on the subpicosecond timescale and (3)
band-like charges localize as spatially separated polarons that sub-
sequently recombine bimolecularly on the picosecond-nanosecond
timescale and can drive chemical reactions on longer timescales, for
example, in the presence of electrical bias.

Anenergy cascadeis createdif the energy gaps between LF states
are sufficiently small, supporting fast relaxation through non-radiative
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dissipation of energy via electron-phonon coupling. The prominence
of LF relaxation is amaterial property, in line with the associated decay
beingindependent of applied potential*** or defect concentration®. LF
relaxationis driven by the electronic configuration of the metal centre,
consistent with an analogous fast relaxation pathway being observed
for anumber of solvated molecules that incorporate open d-shell
transition metal centres, where fast intersystem crossing followed by
rapidinternal conversion through LF states leads to short excited state
lifetimes**°. LF relaxation in open d-shell TMOs is also in line with an
observed lower yield of mobile carriers in Fe,0; compared with TiO,
(ref.47),and phenomenologically similar to carrier relaxation though
high densities of defect states in defect-rich WO, (ref. 42).

A subpicosecond formation of small polarons in Fe,0, has been
inferred using transient extreme UV spectroscopy ‘™ and pump-push
photocurrent detection**, with comparably fast polaron formation
dynamics being observed in materials such as a-FeOOH (ref.52), CeO,
(ref.53) and NiO (ref. 54). Our observation of LF relaxation on the same
timescale suggests akinetic competition between these processes. The
resulting polaron population defines the number of potentially active
chargesandis therefore a central descriptor for activity, as supported
by studies onn-type TMOs where the application of positive potential
slows down**>** the bimolecular recombination of polarons and gives
rise to long-lived reactive holes.

Polaron formation occurs with anon-radiative energy loss>*°, and
the resultant lower mobility of polarons compared with more band-like
charges is largely considered to be detrimental to electronic device
function. However, on the basis of acomparison of the different relaxa-
tiontimescales (Fig. 4c), we speculate that ultrafast polaron formation
may present a way to mitigate rapid (subpicosecond) LF relaxation
in open d-shell TMOs by stabilizing a spatial separation of localized
charges. While further workis needed to establish the role of polarons
inmitigating LF relaxationin TMOs, similar localization-induced charge
separation has been suggested to be important in organic solar cells,
analogous to Onsager models of auto-ionization®..

In the presence of structural defects, such as oxygen vacancies,
carrier localization can also occur via trapping of minority charges.
If the associated trap states are energetically deep, they can render
the localized charge inactive (Supplementary Information). Minor-
ity carrier trapping in open d-shell TMOs has been observed to take
place mainly from the more delocalized band states on a sub-100-fs
timescale®, althoughit canextend out to 10 psin BiVO, (ref. 30). Once
polarons form, their probability of encountering a physical defect over
their lifetime decreases owing to their more confined wavefunctions,
enabling longer polaron diffusion lengths in some cases®.

57-60

Implications for photocatalyst design
While our results suggest that LF relaxation is insensitive to applied
potential, defect concentration or temperature, we highlight two dis-
tinct strategies forimproving solar-to-energy conversion efficiencies.
The first is to develop d° and d'° metal oxides with extended visible
light absorption, which prevent LF relaxation owing to the absence of
LF statesin materials with empty or closed d shells. Several promising
photocatalysts already combine d°/d™ configurations with visible
light absorption (for example, ZnGaON, CdS, TaON and Ta;Ns), and
the need for open/closed d-shell configurations has been recognized
empirically®®*. Moreover, our observations are in good agreement with
the lower conductivity of open d-shell TMOs, which has been ration-
alized by considering the more localized nature of the band edges in
these materials®*®’. The second strategy is to engineer new open d-shell
TMOsinwhichthe effect of LF states can be controlled, which leverages
the typically better visible light absorption of these materials while
mitigating the detrimental effects of LF relaxation.

While choosing materials with empty or closed d-shell configu-
rations is relatively straightforward, controlling LF states in open
d-shell photoabsorbersis challenging. However, the lessons learned for

transition metal-based molecular complexes point to possible direc-
tions for controlling LF states®®*7°. A key strategy in these molecular
complexesistoincrease the strength of the LF, which canincrease the
energy of LF states above that of CT states (LMCT, MLCT or band states),
thus making LF state-mediated relaxation energetically unfavourable’.
The strength of the LF can be modified by tuning the central metal or
itsligand environment.

In terms of metal selection, the 4d or 5d orbitals of second- or
third-row metals are less spatially contracted than the 3d orbitals of
first-row transition metals, which leads to larger metal-ligand overlap
and therefore a stronger LF for 4d or 5d metals, shifting LF states to
higher energies. For example, [Fe(bpy),]**, [Ru(bpy),]** and [Os(bpy),]**
are isoelectronic and thus have the same electronic states, but only
[Fe(bpy),]** exhibits LF relaxation because its lowest energy excited
stateis an LF state®.

In terms of the ligand environment, strong ¢ donors or strong
acceptorsfacilitate strong LFs by increasing the energy of the e, orbitals
orlowering that of the t,, orbitals, respectively’. For example, while the
lifetime of [Fe(bpy);]* is ~100 fs owing to rapid LF relaxation, coordina-
tion of Fe complexes with tris-carbene ligands can achieve lifetimes on
the nanosecond timescale and enable photochemistry. The strongly
o-donating carbene ligands promote a large LF that shifts low energy
LF states to energies above the lowest-lying LMCT state”.

Applying these insights to TMOs, 4d or 5d metals can be advan-
tageous owing to their more diffuse d orbitals, which enhance the
metal-oxygen orbital overlap. However, semiconducting properties
arerareamongbinary oxides of these metals, suggesting alook towards
halide- or pnictide-containing materials. The 0> ‘ligands’in TMOs are
strong o donorsbutlack macceptor ability, whichleads toanincreased
e, orbital energy and a moderately strong LF. To further enhance LF
strength, increasing the metal oxidation state can be effective, enhanc-
ing metal-oxygen orbital overlap and covalency. Lattice compression
can achieve similar effects by reducing metal-ligand bond lengths,
which can be accomplished through Jahn-Teller distortions or strain
engineeringin thin films.

For further increases in LF strength, moving to more complex
materials may be beneficial. For example, oxide perovskites offer flex-
ible crystal structures that allow for greater metal-oxygen hybridiza-
tion. Moreover, beyond lifetime control, larger d orbitals and stronger
covalentinteractions that give rise to broader bands that can mitigate
the poor electrical conductivity of Mott insulators. Ultimately, the
design of high-performance photocatalysts is a challenging task that
requires a balance between multiple factors such as carrier lifetime,
band alignment and conductivity.

Conclusions

Inthis work, we identify LF states as the critical determinant of ultrafast
charge carrier deactivationin opend-shell TMOs. Our datareveal arapid
subpicosecond decay of reactive charges, consistent with relaxation
through LF states that limits the yield of the long-lived carriers that are
essential for efficient photocatalysis. We argue that this intrinsic relaxa-
tionmechanism, largely overlooked in solid-state semiconductors, sub-
stantially diminishes the photocatalytic quantumyields of open d-shell
oxides such as Fe,0;, Co;0, and Cr,0,. Notably, the spin-forbidden
LMCT-to-LF transitionin Fe,O; resultsin comparatively higher yields of
long-lived charges than other open d-shell TMOs, although still lower
than UV absorbing d°/d" materials.

We establish that the absence of LF states in d° and d*° semicon-
ductors inherently favours longer carrier lifetimes, explaining the
superior quantum efficiencies of d°/d™ transition metal-based semi-
conductors in photocatalysis (for example, SrTiO,, TiO, and BiVO,)
and in photovoltaics (for example, MAPI and CIGSe materials). Given
the critical importance of electronic configurations in determining
solar energy conversion efficiencies, we discuss two complementary
strategies towards next-generation photocatalysts: developing visible
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light-absorbing d°/d" oxides or engineering LFsin open d-shell TMOs
to mitigate LF-mediated recombination. Our lifetime-based model
bridges solid-state and molecular photochemistry, offering a uni-
fied design framework to rationally tune the excited state lifetimes of
transition metal-based semiconductors forimproved performancein
photocatalysis, photovoltaics and communication devices.
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Methods

Thin film preparation

The studied metal oxides were prepared via sol-gel synthesis on quartz
glass substrates. The following synthetic protocols are adapted or
reproduced here fromref. 72.

Cr,0,.Cr(NO;);-9H,0(0.25 g,0.06 mmol) and propylene oxide 469 pl
were dissolved in ethanol (2.5 ml). The solution was stirred at 60 °C for
4 handthentaken offthe hotplate. Rapid gelation started to occur after
30 min of resting. The gelating solution was spin coated onto quartz
glass substrates (4,000 rpm for 1 min), yielding a series of films with
different thicknesses that were then annealed in air (15 min to 80 °C,
30 minat80°C,1hto500 °Cand3 hat500 °C). The film with the most
appropriate thickness was then selected after the preparation.

Fe,0,. Fe,0; thin films were prepared on the basis of a previously
reported procedure”. FeCl,-4H,0 (0.42 g, 0.33 mmol), citric acid
(0.64 g, 0.33 mmol) and ascorbic acid (0.059 g, 0.33 mmol) were dis-
solvedinN,-saturated ethanol (10 ml), where citric acid acts as a chelat-
ingagentand ascorbicacidis anantioxidant. Theresulting solution was
stirredina closed round-bottom flask at 60 °C for 5-6 h. After this time,
20 plof dimethylformamide was added asadrying control reagent and
the solution was stirred for an additional 30 min. The solutionwas then
spin coated onto quartz glass substrates (5,000 rpm for 1 min), and
the deposited films were annealed inair (20 minto 300 °Cand 30 min
at300 °C). A second layer was then spin coated on top of the first one
(5,000 rpm for 1 min), and the films were annealed again (20 min to
300 °Cand 30 minat300 °C). Finally, the films were annealed at 450 °C
for 3 hto complete the conversion to a-Fe,0;.

Co0,0,. Co,;0, thin films were prepared on the basis of a previously
reported procedure™. Co(NO;),-6H,0 (0.50 g, 1.72 mmol) was dis-
solvedinethanol (2.5 ml). Asecond solution was prepared by dissolving
ethylcellulose (0.125 g) and a-terpineol (2.35 g, 15.3 mmol) and was
eventually decanted since ethylcellulose did not fully dissolve. Both
solutions were then mixed inside a round-bottom flask and stirred
for 30 min at room temperature. The solution was then spin coated
onto quartz glass substrates (2,000 rpm for 1 min), and the deposited
films were annealed in air (15 min to 100 °C, 15 min at 100 °C, 30 min
to500°Cand1hat500 °C).

BiVO,. BiVO, thin films were prepared on the basis of a previously
reported procedure’®”>’®, Bismuth nitrate pentahydrate (0.1455 g,
200 mM) was dissolved in acetic acid (1.5 ml), and vanadyl acetyl
acetone (0.0768 g, 30 mM) was dissolved in acetyl acetone (10 ml).
Subsequently, these two solutions were mixed and stirred at room
temperature for 30 min. The resulting sol-gel mixture was then spin
coated onto quartz glass substrates, and the substrates were annealed
at 450 °C for 10 min. This process was repeated three more times to
reach a total of four layers. After the deposition of the final layer, the
films were annealed at 450 °C for 5 hinair.

NiO. Nickel acetate tetrahydrate (498 mg, 2 mmol) and ethanolamine
(240 pl) were dissolved in 2-methoxyethanol (3 ml). The solution turned
deep blue in colour immediately upon addition of ethanolamine and
was thenstirred at 100 °C for 30 min. The solution was then spin coated
onto quartz glass substrates (4,000 rpm for 40 s), and the deposited
films were annealed at 350 °Cfor 3 hin air.

CdO. Cadmium acetate (461 mg, 2 mmol) and ethanolamine (120 pl)
were dissolved in 2-methoxyethanol (2 ml) and stirred at room tem-
perature overnight (~15 h). The solution was then spin coated onto
quartz glass substrates (5,000 rpm for 1 min), and the deposited films
were annealed inair (40 minto130 °C,20 minat130 °C,1.5hto 500 °C
and 4 hat 500 °C).

X-ray diffraction

Details of the x-ray diffraction setup and analysis routine can be found
in ref. 77. In brief, x-ray diffraction measurements were performed
using an x-ray diffractometer (Bruker D2 Phaser, equipped with par-
allel beam optics and a Lynx-Eye detector). A Cu source (V=30 kV,
/=10 mA) was used, producing K, (A =1.54056 A) and K,, (1 =1.54439 A)
x-rays in an intensity ratio of 2:1. The collected diffraction data were
compared with standards on the Physical Sciences Data-Science data-
base. Thelattice parameters were determined using the Le Bail model,
and the average crystallite size was calculated using the Scherrer
relationship.

Raman spectroscopy

The Raman spectra for each thin film were measured using one
of two Raman spectrometers (Renishaw 1000, equipped with a
633-nm laser and Bruker Senterra Il, equipped with a 532-nm laser).
The measured Raman spectra were compared with published lit-
erature data, extracted from their respective publications using a
plot digitizer.

Absorption spectroscopy
Absorbance measurements were carried out using a UV-vis spectrom-
eter (Agilent Cary 60).

Transient absorption spectroscopy (femtosecond-
nanosecond timescale)

The following description is adapted from ref. 72, where additional
details can be found. The ultrafast transient absorption setup uses a
regeneratively amplified Ti:sapphire laser (Solstice, Spectra-Physics),
which produces 800 nm laser pulses with a width of 92 fs at a1kHz
repetition rate. The transient absorption setup is commercially avail-
able (Helios, Ultrafast Systems). After the Solstice amplifier, each
pulseisdivided into what will become pump and probe pulses using a
semi-transparent mirror. The pump pulseis directed through an optical
parametric amplifier (TOPAS Prime, Light Conversion) and afrequency
mixer (NirUVis, Light Conversion), which allows for tuning of the exci-
tationwavelength from ~290 nminto the NIR region. The probe pulse
isdirected through adelay stage, which delays it by an adjustable time
period withrespecttoits corresponding pump pulse, thus defining the
time at which the sample is probed. The maximum delay is ultimately
defined by the total length of the delay stage and in this case corre-
sponds to ~6 ns. After the delay stage, the (at this point still 800 nm)
probe pulse is focussed into a sapphire crystal, which transforms the
monochromatic beam into a white light continuum via self-phase
modulation. The resulting continuum allows for an entire wavelength
range to be probed at once. Depending on the thickness of the inserted
sapphire crystal, either a visible probe continuum (450-800 nm) or an
NIR probe continuum (850-1,400 nm) can be generated. The generated
continuum pulses are then again divided using a semi-transparent mir-
ror,where one of them probes the sample and the other oneservesasa
reference to account for fluctuations and improve the signal-to-noise
ratio. Each of the two continuum pulses is eventually focussed into a
separate multichannel spectrometer (Sior InGaAs sensors) viaoptical
fibres. The continuum pulse that probes the sample is then spatially
overlapped with the pump pulse onthe sample. The transient absorp-
tionsignal AAis calculated as A — Ags, Where A is the sample absorb-
anceintheexcited state and Agsis the sample absorbance in the ground
state. The measurement of A;s and A is achieved by blocking every
other pump pulse with an optical chopper rotating at 500 Hz. Pulse
energies were measured using an energy meter (VEGA P/N 7201560,
OPHIR Photonics) equipped with a500-pum diameter aperture, roughly
corresponding to the diameter of the probe beam. The pump beam
was slightly larger than 500 pm at the sample position. During data
collection, samples were kept under continuous nitrogen flow in a
quartz cuvette.
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Transient absorption spectroscopy (microsecond-second
timescale)

The following description is adapted from ref. 72, where additional
details canbe found. Transient absorption experiments on the micro-
second-second timescale were performed using a home-built setup.
The microsecond-second TAS setup uses a Nd:YAG laser (OPOTEK
Opolette 35511, 4-7 ns pulse width), which generates UV excitation
pulses (355 nm, fixed) viaa third harmonic output port as well visible/
NIR pulses (410-2,200 nm, tuneable) via an optical parametric oscil-
lator. The selected pump pulses are then directed to the sample via
aliquid light guide, and are overlapped with the probe beam at the
position of the sample. The probe beam originates from a100-W quartz
halogen lamp driven by astabilized power supply (BanthamIL1), which
is sequentially directed through a first monochromator, the sample,
and thenasecond monochromator beforeitimpinges onto aSi photo-
diode detector (Hamamatsu S3071). Additional appropriate long pass
filters are positioned betweenthe sample and the detector to attenuate
scattered laser light. Dataacquisitions are triggered by ascattered laser
light using a photodiode (Thorlabs DET210) positioned close to the
laser output. Ahome-built LabVIEW-based software package acquires
data on two different time scales simultaneously: the microsecond-
millisecond signal is sampled using an oscilloscope (Tektronix DPO
2012B) after amplification (Costronics 1999 amplifier), whereas the
millisecond-second signal is sampled without amplification using a
data acquisition card (National Instruments USB-6211 or USB-6361).
Excitation fluences were measured using a pyroelectric energy sensor
(Ophir Photonics PE9). During data collection, samples were kept under
continuous nitrogen flow in a quartz cuvette.

Temperature-dependent absorption and transient absorption

experiments

For experiments as a function of temperature, the studied thin
film sample was placed in an optical cryostat (Oxford Instru-
ments OptistatDN-V), which can access a temperature range of
77-500 K. The cryostat was then inserted at the sample position of
the UV-vis spectrometer or transient absorption setup. During the
temperature-dependent experiments, the samples were kept under
vacuum in the cryostat.

Electronic structure calculations

The conventional crystallographic unit cells with magnetic data for
the three oxide compounds (Fe,0,, Cr,0; and Co,0,) were obtained
from the MAGNDATA database’®. The shape and internal parameters
of each unitcell were optimized on the basis of the forces and stresses
from DFT, asimplemented in the Vienna Ab Initio Simulation Package.
A 550 eV plane wave cut-off energy was used in all cases to define the
basis set, and spin-unrestricted calculations were performed, includ-
ing scalar-relativistic correctors through the projector augmented
wave method. The resulting energy versus volume curve, obtained
using the PBEsol semi-local exchange-correlation functional, was
fitted to the Murnaghan equation of state to deduce the optimal unit
cell volume. A 3 x 3 x 3 Monkhorst-Pack mesh was used to sample the
first Brillouin zone for Co;0,, while a 5 x 5 x 2 Monkhorst-Pack mesh
was used for Cr,0, and Fe,0,.

A 5x5x5Kk-point grid was used for the electronic minimization
of the primitive unit cells for each oxide compound. The ‘sumo-kgen’
code’ was used to generate respective band structure paths in
reciprocal space for each compound. These k-point paths and their
corresponding input files were then used to perform the band struc-
ture calculations using the HSE06 hybrid exchange-correlation
functional. The ‘sumo-bandplot’ code®® was used to analyse the
output. The Co;0, path contained 56 k-points, while the Fe,0,
and Cr,0; paths contained 109 k-points. The paths were split into
smaller subjobs and then concatenated to reduce the computational
overhead.

Data availability

The datasets underlying the figures presented in the main paper and
Supplementary Information are available via Zenodo at https://doi.
org/10.5281/zenod0.15198620 (ref. 81).
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