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Abstract: CuFeO2 is an earth-abundant metal oxide semi-
conductor showing promising efficiency as a solar photocath-
ode. Using extreme ultraviolet (XUV) and optical spectroscopy
we track the element-specific electron and hole dynamics in
CuFeO2 and compare results to Fe2O3. Cathodic photocurrent,
which is only observed in CuFeO2, is shown to correlate with
ultrafast (500 fs) hole thermalization from O 2p to hybridized
Cu 3d states, leading to spatial charge separation within the
CuFeO2 lattice. These results are supported by DFT calcula-
tions confirming strong covalency of Cu 3d and O 2p states
at the valence band edge. The ability to elucidate site-specific
charge carrier dynamics in real time provides valuable insights
for the rational design of catalysts for efficient solar energy har-
vesting.

Introduction
Elucidating the chemical nature and time-dependent evo-

lution of photoexcited states in semiconductor catalysts is
critical for understanding the photochemistry of these ma-
terials. It is well known that photocatalytic redox activity
depends on a number of factors, including band bending at
the semiconductor-electrolyte interface, 1 absolute reduction
potentials of the band edge,2 carrier trapping by surface
mid–gap states,3 and distinct surface chemistry on various
semiconductor materials. 4 While these effects can be stud-
ied using well-established electrochemical methods, it is of-
ten more difficult to probe the ultrafast site-specific elec-
tron dynamics during photoexcitation and subsequent hot
carrier thermalization, trapping, and interfacial charge in-
jection. This difficulty is largely due to a shortage of meth-
ods capable of following site-specific electron dynamics on
the ultrafast time scale with surface sensitivity and chemi-
cal state resolution. Understanding the chemical nature of
these excited states is critical for properly modeling the sur-
face photochemistry and interfacial charge transfer dynamics
of metal oxides.5

Tabletop extreme ultraviolet (XUV) spectroscopy based
on high harmonic generation (HHG) can probe element-
specific electron dynamics in real-time by showing tran-
sient evolution of oxidation states with ultrafast time res-
olution.6–9 To expand this technique to the study of surface
electron dynamics in catalytic materials, we have recently
developed XUV reflection-absorption spectroscopy. 10–12 In
this study, we combine XUV reflection-absorption with op-
tical transient absorption and density functional theory
(DFT) to provide a detailed picture of charge transfer
dynamics in CuFeO2, a widely studied photocathode 13–16

showing promising efficiency for H2 evolution17–19 and CO2

reduction.20–23 Results show that irradiation of CuFeO2

with 400 nm light excites electrons from O 2p valence band
to Fe 3d conduction band states, analogous to what has been
previously reported for Fe2O3.6,11,24 Despite identical initial
excited states in these two materials, cathodic photocurrent
is only observed in CuFeO2 regardless of applied bias (Fig-
ure S3). This study shows that hole thermalization from
O 2p to Cu 3d states of CuFeO2 leads to sub-ps separation
of the photoexcited electron and hole within the CuFeO2

delafossite lattice, which cannot occur in Fe2O3.
Experimental Section

All chemicals, preparation, and characterization of mate-
rials used in this work are provided in the Supporting In-
formation, along with the photocurrent measurement, XUV
probe spectrum, ground state XUV spectra, global fitting,
and DFT calculations. Below, details of the experimental
procedures for XUV reflection-absorption and optical tran-
sient absorption as well as methods for spectral lineshape
simulation are provided.
Optical Transient Absorption Spectroscopy. Details
of the visible light transient absorption spectrometer and the
data analysis are discussed elsewhere, 25 however, specifics
pertinent to the experiment carried out in this study will be
given. A Ti:sapphire amplifier (Coherent Astrella) produced
8 mJ, 35 fs pulses centered at 800 nm with a 1 kHz frequency.
3 mJ of the fundamental beam are used to pump an optical
parametric amplifier to generate the pump pulse, while the
white light continuum was generated by focusing 1.5 mJ
of the fundamental 800 nm beam into a 1 mm thick CaF2

plate. The fluorite plate was electronically rotated by 1.5◦

every 3 s to ensure uniform consistency across the white
light spectrum (420 – 700 nm) between generation cycles.
All samples were pumped with a 400 nm beam generated by
second harmonic generation using the fundamental, focused
to a spot size of 7.9 x 10−2 mm2 with an average power
of 8 mW. At least three experiments were carried out at
random locations on each electrodeposited sample in order
to account for synthetic heterogeneity.
Transient XUV Reflection-Absorption Spec-
troscopy. Details of the experimental setup and processing
are described in our previous publications. 10,11 Briefly, a
Ti:sapphire amplifier (Spectra-Physics Spitfire Ace), pro-
ducing 6 mJ, 35 fs pulses centered at 800 nm with a 1 kHz
frequency, was used to produce our fundamental light source.
The fundamental beam is split between pump and probe
beams, with 2 mJ being used to generate the broadband
XUV beam by high harmonic generation. Even harmonics
are obtained using a symmetry breaking field, whereby 20%
of the 800 nm fundamental beam is siphoned from the probe
line, and is frequency doubled to 400 nm with a power of 40
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µJ. After generation of the XUV pulse, an Al foil is used to
filter out the visible light driving fields; this filter removes
all photon flux above the Al L1-edge at 72.6 eV. To gener-
ate the pump beam, a separate 800 nm beam is frequency
doubled to generate 190 mW of 400 nm light. The size of
the XUV beam on the sample at 8◦ incidence angle is 1.01
± 0.02 mm and 0.137 ± 0.002 mm FWHM in the tangential
and sagittal axes, respectively. The pump beam is incident
at 20◦ on the sample with an area of 2.43 mm2. The sample
is raster scanned by 500 µm steps in the horizontal and 300
µm steps in the vertical direction. Care is taken to collect
each data point on a fresh part of the sample. At each point,
a set of two spectra are taken: one with both pump and
probe beams incident on the sample, and one with only the
XUV probe beam, where the latter is used as the reference.
The integration time for each spectrum collected at a given
spot is 3 s, and the data presented herein, at a given time
delay, represent a total of 624 s of integration.
XUV Reflection-Absorption Lineshape Simulation.
The details for simulating XUV-RA spectra have been de-
scribed in depth previously.10 Briefly, we simulate a ground
state absorption spectrum from charge transfer multiplet
calculations (CTM4XAS) as developed by de Groot et
al.26,27 Then, from the ground state spectrum we derive the
imaginary part of the refractive index using classical electro-
magnetic theory. Next, the real part of the refractive index
is derived via the Kramers–Kronig transformation, and fi-
nally, the Fresnel coefficient corrected for non-resonant sur-
face scattering is used to obtain the RA spectrum.
Results and Discussion

Figure 1 compares the optical transient absorption kinet-
ics of Fe2O3 and CuFeO2 upon photoexcitation at 400 nm.
Fe2O3 (Figure 1a) shows a strong excited state absorption
(ESA) centered at 580 nm, which has been assigned to tran-
sitions of photoexcited electrons in Fe 3d conduction band
states.28 Figure 1b reveals that CuFeO2 shows a similar
ESA feature also centered at 580 nm. We likewise assign
this feature to conduction band electrons in CuFeO2. This
assignment is supported by XUV spectroscopy and DFT cal-
culations discussed below, which show that conduction band
electronic structure and electron localization is very similar
in CuFeO2 and Fe2O3.

Unlike Fe2O3, CuFeO2 also shows a strong ground state
bleach (GSB) below 500 nm. A similar GSB has also been
reported in Fe2O3,28 but the intensity relative to ESA was
much lower than we observe in CuFeO2. To explain this dif-
ference, it should be noted that there are two contributions
to a negative feature in a transient absorption measurement:
The first is decreased absorption by the material in the ex-
cited relative to the ground state, while the second is stimu-
lated emission from the excited state, which will also appear
as a GSB. It has been noted that the contribution of valence
band transitions is small in Fe2O3 due to the weak transi-
tion dipole moment between similar O 2p orbitals composing
both the upper valence band and the deeper hole states. 28

In contrast, the upper valence band in CuFeO2 has signifi-
cant Cu 3d character as shown both by XUV measurements
and DFT calculations discussed below. Because the transi-
tion moment between Cu 3d and O 2p states is expected to
be greater than for intraband O 2p transitions, the contri-
bution of stimulated emission is also expected to be greater
in CuFeO2 compared to Fe2O3. This may explain why the
GSB is significantly more intense in CuFeO2 compared to
Fe2O3. Assuming this explanation, the fast recovery of the

Figure 1. Optical transient absorption kinetics for Fe2O3 (a) and
CuFeO2 (b). (c) Kinetic traces of CuFeO2 transient spectra show-
ing the time evolution of the GSB (blue) and the ESA (red). (d)
Hole thermalization occurs as an electron transfer from the higher
lying Cu 3d states to backfill the photogenerated holes in the lower
lying O 2p states.

GSB corresponds to hole thermalization from O 2p to Cu 3d
valence band states, and this conclusion is consistent with
element-specific XUV measurements and DFT calculations
described below. The fast decay of this feature in 423 ± 34
fs is also consistent with hot carrier thermalization to band
edge. Consequently, hole thermalization in CuFeO2 can be
described as electron transfer from Cu 3d valence band states
to backfill holes in deeper O 2p states as depicted in Figure
1d.

Figure 2a and b compare XUV transient reflection-
absorption spectra of Fe2O3 and CuFeO2, respectively. As
shown in Figure 2a, the transient spectra of photoexcited
Fe2O3 are characterized at early times by a ground state
bleach centered at 54 eV formed within the 85 fs instrument
response function of the XUV spectrometer. This bleach
subsequently undergoes a hypsochromic shift to 55.5 eV,
and is accompanied by the growth of an excited state ab-
sorption feature centered at 52 eV with a correlated time
constant of 640 fs. The observed bleach corresponds to the
loss of Fe3+ while the excited state absorption at slightly
lower energy is an indication of the formation of Fe2+. The
fast hypsochromic shift of the GSB bleach feature is the re-
sult of lattice expansion during electron self-trapping, and
these kinetics have previously been assigned to surface elec-
tron trapping and small polaron formation at the catalyst
surface.11

Comparing these results to those obtained for CuFeO2,
we can divide the spectrum into three regions: 1) the Fe
M2,3-edge (3p → 3d transition) centered at ∼54 eV, 2) the
O L1-edge (2s→ 2p transition) extending from 40 to 47 eV,
and 3) the Cu M2,3-edge visible at the high energy side of the
spectrum above 63 eV. Nearly identical kinetics are observed
at the Fe M2,3-edge in CuFeO2 as in Fe2O3 (Figure S6). Fur-
thermore, Figure 2c compares the transient spectrum at the
Fe M2,3-edge obtained at 1 ps for CuFeO2, Fe2O3, and a sim-
ulated Fe2+ charge transfer excited state based on a ligand
field multiplet calculation. 11 The excellent match indicates
that in CuFeO2, photoexcitation results in localization of the
excited electron to the Fe 3d conduction band states similar
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to Fe2O3. A weak ESA feature is also observed in Fe2O3

at ∼44 eV, corresponding to O L1-edge absorption by the
valence band hole.12

Figure 2. Transient XUV spectra of Fe2O3 (a) and CuFeO2 (b)
for a series of time delays. (c) Comparison of the XUV transient
spectrum at the Fe M2,3-edge obtained 1 ps following photoex-
citation for CuFeO2 and Fe2O3 along with the result of a ligand
field multiplet simulation depicting the expected transient spec-
trum. (d) Kinetic traces showing the transient response at the Fe
M2,3-edge, the Cu M2,3-edge, and the O L1-edge. Traces have
been normalized and plotted as positive ∆OD for clarity. Rep-
resentative standard errors based on replicate measurements are
shown for the Cu M2,3-edge.

In contrast to Fe2O3, CuFeO2 shows the rise of strong
positive absorption extending broadly at the low and high
energy regions of the spectrum. This represents strong ab-
sorption by the valence band hole at the O L1 and Cu M2,3-
edges, respectively. Figure 2d shows that the response in
these spectral ranges is correlated in time and delayed rel-
ative to the signal at the Fe M2,3-edge. This shows that
following an O 2p → Fe 3d charge transfer excitation, hole
thermalization to the valence band edge is best described as
electron transfer from the higher lying Cu 3d states to back-
fill holes in the lower lying O 2p states. The effect of these
dynamics on the XUV spectra is schematically depicted in
Figure 3a. At early times transient signal at the Fe M2,3-
edge reflects electron localization to the Fe 3d conduction
band. A weak ESA at the O L1-edge shows hole localization
to the O 2p valence band. Following hole thermalization
strong ESA is observed at the Cu M2,3-edge, indicating hole
transfer to Cu 3d states. The observed time scales closely
match the hole thermalization kinetics observed above using
optical transient absorption.

The Cu M2,3-edge is nominally positioned at 75.1 eV, 29

which is slightly higher than we can access due to a ∼70 eV
energy cutoff imposed by an Al filter employed in these ex-
periments. Absorption below this cutoff can be understood
in terms of strong hybridization of Cu 3d and O 2p states
at the valence band edge of this material. Transition metal
complexes often display intense rising edge features due to
screening induced by charge transfer transitions in the core-
hole excited state.30 This has been particularly well studied
for the case of Cu complexes, which show that this intense
rising edge feature is the result of a two-electron shakedown
transition, resulting in increased absorption intensity on the
low energy side of the spectrum.31 Accordingly, this rising

edge has been used as a measure of metal–ligand bond cova-
lency in Cu containing complexes. 32 Typical spectral shifts
reported at the Cu K-edge are on the order of 5–10 eV, 31

consistent with what we measure here. Consequently, the
low energy rise of the Cu M2,3-edge can be understood as
the spectral signature of strong Cu–O bond covalency.

Two additional pieces of evidence confirm that this feature
is the result of strong covalency of the Cu–O bond. First,
the appearance of this feature is correlated with an intense
absorption at the O L1-edge region of the spectrum, indicat-
ing that the thermalized hole is in a delocalized orbital with
significant contributions from both Cu 3d and O 2p states.
We note that the weak ESA feature that forms initially at
the O L1-edge in Fe2O3 is also present in CuFeO2, consistent
with an O 2p → Fe 3d charge transfer excitation. However,
this feature is difficult to observe as its growth is convoluted
with the delayed formation of the more intense and broader
feature resulting from hole thermalization in the hybridized
valence band. Second, to quantify the hybridization of Cu
and O states, we have performed DFT calculations using the
hybrid HSE06 functional33 with VASP code.34

Figure 3. (a) Schematic showing the time evolution of XUV
transient reflection-absorption features for an initial O 2p → Fe
3d charge transfer excitation followed by hole thermalization to
strongly hybridized Cu 3d states at the valence band edge. Pro-
jected DOS for (b) Fe 3d, (c) Cu 3d, and (d) O 2p orbitals, re-
spectively. (e) projected COHP between Cu 3d and O 2p states
(grey) and between Fe 3d and O 2p states (red). Following con-
vention, -pCOHP is plotted in (d) and a positive (negative) value
indicates bonding (antibonding). All energies are relative to the
Fermi energy.

DFT HSE06 calculations for CuFeO2 predict a bandgap
of 1.5 eV and a magnetic moment of 4.2 µB on the Fe cation,
consistent with reported experimental values of 1.55 eV and
4.2 µB for the band gap and magnetic moment, respectively
(Table S1).35,36 Figure 3 plots the projected density of states
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pDOS for Fe 3d (b), Cu 3d (c), and O 2p (d) bands in
CuFeO2. The two Fe 3d bands above the Fermi level are
roughly analogous to the T2g and Eg states based on crys-
tal field splitting of the Fe 3d orbitals. Figure S7 shows
a similar picture for Fe2O3. To better understand the hy-
bridization between Cu and Fe 3d states with O 2p states,
we examine the projected crystal orbital Hamilton popula-
tion (pCOHP). The COHP measures the overlap between
orbitals of pairs of atoms, and indicates bonding, antibond-
ing, and nonbonding contributions between specific atoms. 37

Figure 3e depicts the associated pCOHP between Fe–O and
Cu–O orbitals, which reveal particularly strong hybridiza-
tion between the Cu 3d and O 2p states, including a large an-
tibonding feature from 3 eV to the Fermi level; this covalent
Cu–O antibonding orbital represents the valence band max-
imum. Interestingly, the large antibonding feature would
be expected to facilitate hole transfer from the deeper lying
O 2p states to the strongly hybridized Cu 3d states in or-
der to reduce antibonding interactions in the photoexcited
state of CuFeO2. It is further expected that high degree of
Cu–O bond covalency at the valence band edge would facil-
itate the ultrafast transfer of this hole between the strongly
coupled electronic states as observed in the ultrafast XUV
experiments described above.
Conclusion

In summary, our work provides important insight for un-
derstanding the site-specific electron and hole dynamics in
CuFeO2. Ultrafast XUV and optical measurements show
that photoexcitation leads to charge transfer from O 2p va-
lence band states to Fe 3d conduction band states in both
CuFeO2 and Fe2O3. Despite similar electron localization
in these two materials, different dynamics are observed in
both the optical and XUV transient measurements, which
arise from the fast relaxation of valence band holes. In
CuFeO2, carrier thermalization results in fast delocalization
of the photoexcited hole to strongly hybridized Cu 3d and
O 2p states near the valence band maximum as shown in
the pDOS and pCOHP calculations, and we measure a time
constant of approximately 500 fs for hole thermalization. In
contrast, DFT calculations for Fe2O3 show weak hybridiza-
tion between Fe 3d and O 2p states near the valence band
maximum. The fast hole delocalization observed in CuFeO2

would tend to weaken the exciton binding energy, which may
explain the reason that cathodic photocurrent is observed in
this material but not in Fe2O3. It is important to note that
although this study focuses on the early events occurring
on the ultrafast time scale in these materials, photoactivity
relies on charge transport processes, which span many or-
ders of magnitude in time. The ability of XUV spectroscopy
and theory to elucidate site-specific charge carrier thermal-
ization and separation in real time provides a new approach
for the rational design of catalysts for efficient solar energy
harvesting.
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