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Electronically Coupled Uranium and Iron Oxide 
Heterojunctions as Efficient Water Oxidation Catalysts

Jennifer Leduc, Yakup Gönüllü, Tero-Petri Ruoko, Thomas Fischer, Leonhard Mayrhofer, 
Nikolai V. Tkachenko, Chung-Li Dong, Alexander Held, Michael Moseler,  
and Sanjay Mathur*

The most critical challenge faced in realizing a high efficiency photoelectro-
chemical water splitting process is the lack of suitable photo anodes enabling 
the transfer of four electrons involved in the complex oxygen evolution reac-
tion (OER). Uranium oxides are efficient catalysts due to their wide range 
optical absorption (Eg ≈ 1.8–3.2 eV), high photoconductivity, and multiple 
valence switching among uranium centers that improves the charge propaga-
tion kinetics. Herein, thin films of depleted uranium oxide (U3O8) are dem-
onstrated grown via chemical vapor deposition effectively accelerate the OER 
in conjunction with hematite (α-Fe2O3) overlayers through a built-in potential 
at the interface. Density functional theory simulations demonstrate that the 
multivalence of U and Fe ions induce the adjustment of the band alignment 
subject to the concentration of interfacial Fe ions. In general, the equilibrium 
state depicts a type II band edge as the favored alignment, which improves 
charge-transfer processes as observed in transient and X-ray absorption (TAS 
and XAS) spectroscopy. The enhanced water splitting photocurrent density of 
the heterostructures (J = 2.42 mA cm−2) demonstrates the unexplored poten-
tial of uranium oxide in artificial photosynthesis.
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1. Introduction

New semiconductor metal oxides and het-
erostructures capable of driving water split-
ting reactions by solar irradiation alone are 
required for a sustainable water splitting 
process. Whereas most transition metal 
oxides cannot entirely deliver the photo-
chemical energy to split water molecules, 
uranium ([Rn] 5f36d17s2) oxides are efficient 
photoelectrocatalysts due to their absorp-
tion properties (Eg ≈ 1.8–3.2 eV) and easy 
valence switching among uranium centers 
that additionally augment the charge sepa-
ration efficiency. With their superior cata-
lytic properties, uranium oxides derived 
from abundantly available depleted ura-
nium sources offer new application oppor-
tunities to integrate uranium-based waste 
in a renewable energy production cycle.

In a typical nuclear fuel chain, waste con-
taining depleted and radioactive uranium 
is generated, whereby enriched uranium 

(3-4% 235U) consumed in nuclear power stations is produced 
via gaseous isotope separation of naturally occurring uranium 
(0.7% 235U) in the form of UF6.[1] This leaves large quantities 
of depleted UF6 gas (several hundred thousand tons)[2] as waste 
material behind, which is stored in containers, since conversion 
to the more readily manageable solid and stable uranium oxide 
(U3O8) is an expensive process. Given its high chemical reac-
tivity, UF6 reacts with atmospheric moisture to produce UO2F2 
and HF, the latter being highly toxic and responsible for acceler-
ating the corrosion of the storage containers. Consequently, the 
containers need continuous replacements causing high mainte-
nance costs. To exemplify the reutilization of depleted uranium 
waste, its use as semiconductor materials,[3–6] catalysts,[7–11] and 
CO2 activation[12] has been discussed, which points out the crit-
ical need for a thorough re-examination of the photophysical  
and -chemical properties of uranium oxides.

Depleted uranium oxides are more selective and efficient in 
chemical transformation processes, when compared to currently 
used transition metal oxides and noble metals, primarily due to 
the valence dynamics of uranium centers situated on the surface. 
In addition, the appropriate bandgap energies of thermodynami-
cally stable uranium oxides shift the absorption edge towards 
longer wavelengths that further enhances the overall water split-
ting efficiency through increased solar energy harvesting and 
conversion processes.[7,13–16] Yet, the application of uranium 
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oxides is largely unexplored and severely limited by the difficul-
ties in obtaining phase-pure thin films or methods enabling their 
immobilization on various catalytic supports.[17,18] This is mainly 
due to the chemical diversity in the U-O phase diagram mani-
festing several interconvertible stoichiometries and polymorphic 
modifications.[19] Herein, we report the first precisely controlled 
fabrication of phase-pure U3O8 thin films by oxygen plasma 
induced decomposition of the corresponding uranium precur-
sors on diverse [silicon, fluorine-doped tin oxide (FTO), and tita-
nium] and even large area substrates (11 × 11 cm², Figure S1,  
Supporting Information).[20] In addition, we demonstrate, for the 
first time, a high performance of U3O8//Fe2O3 bilayers (U3O8 
coated on FTO substrate, Figure 1b) towards oxidation of water 
without the need of any sacrificial reagents or platinum-group 
metals as co-catalysts. Thin metal oxide underlayers (e.g., TiO2, 
SiOx, Nb2O5, and Ga2O3) have been reported to improve the 
water oxidation performance of ultrathin hematite layers (Table 
S1, Supporting Information).[21–33] This was ascribed to the struc-
tural influence of the underlayer onto the hematite layer growth 
and/or the suppression of the electron back injection at the 
hematite/substrate interface. Moreover, ZrO2 underlayers have 
been reported to increase the carrier density and thus PEC per-
formance of porous hematite photoanodes.[34] In this work, the 
enhanced water oxidation activity of the U3O8//Fe2O3 system in 
comparison to the corresponding pristine hematite photoanode 
originates from the higher charge carrier separation as a result 
of the optimal band and structural alignment in the U3O8//Fe2O3 
system (Figure 2, and Figure S2, Supporting Information).

2. Results and Discussion

U3O8//Fe2O3 bilayers were obtained in a two-step proce-
dure involving i) the fabrication of U3O8 films on FTO via 

plasma-assisted decomposition of the uranium (VI) precursor 
[UO2(DMOTFP)2(DMOTFP-H)][20] followed by ii) deposition 
of hematite top layers by thermal chemical vapor deposition 
(CVD) of the iron source, [Fe(OtBu)3]2.[35] The crystallinity 
and phase purity of the U3O8 underlayer were confirmed by 
X-ray diffraction (XRD) and X-ray photoelectron spectroscopy 
(XPS) analyses, respectively (Figure S3, Supporting Informa-
tion). The high-resolution U4f spectrum of U3O8 displayed the 
positions of the U4f7/2 (381.4 eV) and U4f5/2 (392.3 eV) sig-
nals to be in good agreement with reported values.[11] Recent 
theoretical investigations showed that in U3O8 the most stable 
arrangement consists of U5+/U6+ (in 2:1 ratio).[36] Therefore, the 
satellite structure was investigated in more detail that revealed 
the presence of both U5+ and U6+ satellites with a binding 
energy difference of ≈8 and 4.8 eV to the main peaks, respec-
tively (Figure S4, Supporting Information).[37]

In order to facilitate the charge carrier transfer from the hem-
atite absorber layer to the FTO substrate thinner uranium oxide 
films (<100 nm) were deposited (Figure 1a) by adjusting the 
PECVD parameters. A comparative analysis of the water oxida-
tion properties of bare α-Fe2O3, U3O8 and U3O8//Fe2O3 bilayers 
(Figure 1c) revealed that incorporation of a uranium oxide under-
layer significantly enhanced the photoelectrochemical (PEC) 
properties. The buried uranium oxide layers delivered a stable 
PEC performance, whereas pristine uranium oxides tended to 
decompose in the electrolyte solutions due to high redox activity 
of the U3O8 films under alkaline conditions.[38] In comparison 
to the bare α-Fe2O3 photoanodes exhibiting a photocurrent 
density of 1.22 mA cm−2 (at 1.23 V versus RHE) and an onset 
potential (Von) of 0.83 V, the U3O8//Fe2O3 bilayer photoanode 
showed a significant cathodic shift to the value of 0.62 V, which 
clearly demonstrated synergistic alignment of electronic states 
at the U3O8–Fe2O3 heterojunction. Consequently, a substantially 
higher photocurrent density of 2.42 mA cm−2 (at 1.23 V versus 
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Figure 1. a) Cross-section SEM micrograph of the U3O8//Fe2O3 bilayer. b) Schematic drawing of the PEC device architecture. c) PEC measurements of 
bare U3O8, α-Fe2O3, and U3O8//Fe2O3 in the dark (dashed lines) and under illumination (solid lines) in 1 m NaOH electrolyte.



www.afm-journal.dewww.advancedsciencenews.com

1905005 (3 of 7) © 2019 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

RHE) was achieved in U3O8//Fe2O3 bilayers, which approxi-
mately corresponded to the two-fold increase in photocurrent 
reported for pristine α-Fe2O3 photoanodes. A faster transfer of 
photo-generated electrons from α-Fe2O3 to U3O8 in conjunction 
with an improved charge carrier separation is apparently due to 
a built-in potential at the heterojunction. This aspect was further 
validated by density functional theory (DFT) calculations, in situ 
X-ray absorption spectroscopy (XAS) and transient absorption 
spectroscopy (TAS) measurements.

DFT simulations were performed (Figures S5–S19 and  
Table S2, Supporting Information) to determine the localized 
density of states and calculate the relative positions of valence 
and conduction band edges for explicit interface models joining 
(001) surfaces of α-Fe2O3 and U3O8 (Figure 2). Since the band 
alignment of oxide heterostructures is sensitive to the detailed 
atomistic structure, the influence of the interfacial concentrations 
of O and Fe ions at the U3O8//Fe2O3 interface was  systematically 
investigated. The calculations revealed that the band edge  
positions prominently depend on the amount of interfacial Fe 
ions, whereas the effect of O ion concentration is comparatively 
less pronounced.[41]

The U3O8//Fe2O3 heterojunction model with the lowest 
interfacial concentration of Fe ions was constructed by joining 
the α-Fe2O3 (001) surface terminated by a halved double layer of 
Fe ions with a fully O-terminated U3O8 (001) surface obtained 
by direct cleavage of the U3O8 bulk structure. The former is 
theoretically the most stable Fe2O3 surface over a wide range 
of oxygen chemical potentials.[42] In order to obtain a model for 
the highest investigated concentration of interfacial Fe ions, 
a fully O-terminated Fe2O3 surface and a full double layer of 
Fe ions at the surface was brought into contact with a cleaved 
U3O8 surface. A medium concentration of Fe ions was obtained 
by randomly removing 4 of 14 interfacial Fe ions per unit cell 
from the model for the high Fe ion concentration. Addition-
ally, for all three cases, the concentration of interfacial O ions 
was varied and the thermodynamic stabilities of all investigated 
systems were determined as a function of the oxygen chemical 
potential (Figures S11–S14, Supporting Information).

The band alignments for three representative structures 
with a constant concentration of interfacial O ions but a var-
ying Fe ion content (Figure 2) showed a clear trend. With an 
increasing concentration of interfacial Fe ions, an upward shift 
of Fe2O3 band edges (≈1.44 eV) was observed, whereas the 
Fe2O3 band edges were gradually shifted downward. The inter-
face with highest Fe ion concentration and a low O ion concen-
tration showed a reversed band alignment with a slight offset 
of the Fe2O3 and U3O8 band edges (Figure 2c). This structure 
turned out to be thermodynamically the most stable one under 
reductive conditions (Figure S14, Supporting Information), 
whereas the structure with intermediate Fe ion concentration 
(Figure 2b) was apparently most stable under oxidative condi-
tions. Hence, a type II band alignment with upshifted Fe2O3 
band edges, which is favorable for good charge carrier separa-
tion properties can be expected under the oxidative processing 
conditions employed during sample fabrication. Our theoretical 
and experimental data indicate the deterministic role of Fe con-
centration in the interfacial region to adjust the band alignment 
in iron oxide based bilayers, particularly the here investigated 
U3O8//Fe2O3 systems. The influence of interfacial Fe ions on 
the band alignment is possibly due to the redox chemistry 
between U and Fe centers. Apparently at low Fe concentra-
tions, all Fe ions exhibit the most stable oxidation state (+3), 
whereas U5+ and U6+ ions persistently co-exist in U3O8. The oxi-
dation of U5+ upon an electronic charge transfer to the interface 
O-ions leads to a charge imbalance and hence to the formation 
of a dipole at the interface triggering the upshift of Fe2O3. In 
contrast, for high Fe ion concentrations, Fe2+ ions exist at the 
interface which can be oxidized to Fe3+. This leads to a charge 
transfer in the opposite direction, balancing the charge transfer 
arising from the oxidation of U5+ ions and thus resulting in 
a reversed band alignment. The DFT results and the discus-
sion of the band alignment using formal charge states is sup-
ported by a simple electrostatic model (Figure S18, Supporting 
Information).

The oxygen K-edge XAS spectra of the bilayer confirmed 
an increased hybridization of the O2p and Fe3d orbitals 
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Figure 2. Localized density of states and band edge alignment at U3O8//Fe2O3 interfaces determined by DFT calculations for different interface Fe ion 
concentrations of a) cFe = 4.3 nm−2, b) cFe = 6.2 nm−2, and c) cFe = 8.7 nm−2. The localized density of states is averaged over the lateral directions such 
that it is resolved in the direction perpendicular to the interface plane. In the atomistic structures U ions are shown in blue, Fe ions in brown, and O 
ions in red. The electron energy levels are given with respect to the vacuum and the normal hydrogen electrode (NHE) at pH = 0. The DFT energies 
were shifted such that the experimental alignment between the hematite conduction band[39,40] and the water reduction potential was retained.
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(Figure 3a). When compared to bare hematite photoan-
odes, the intensity ratio of the O2p-Fe3d relative to the O2p-
Fe4s,4p feature is enhanced, which was previously reported to 
directly correlate with the contribution of covalent bonding in 
Fe2O3.

[43,44] The increased character of the O2p states near the 
Fermi level promotes the injection/extraction of electrons from 
oxygen sites and thus increases the oxygen evolution reaction 
(OER) activity.[45] This in conjunction with the reported built-in 
potential in heterojunctions correlates well with the observed 
cathodic shift in the bilayered photoanodes.[46] In addition, the 
coherent interface originating from an Fe-terminated Fe2O3 
(001) surface with a fully O-terminated U3O8 (001) is expected 
to reinforce the d-p overlap in hematite leading to additional 
electron transfer especially in view of the diffused character 
of the orbitals in uranium oxides. The small but significant 
difference is due to the fact that this change in electronic struc-
ture and stronger O2p–Fe3d hybridization mostly occurs in the 
interfacial region.

The in situ XAS spectra under dark and illuminated con-
ditions (Figure 3, and Figure S20, Supporting Information) 
showed that in comparison to the Fe L- (Figure S20a, Sup-
porting Information) and the O K-edge (Figure 3c) in α-Fe2O3, 
both the oxygen (K) and uranium (N) edges are photoactive in 
U3O8 (Figure 3d, and Figure S20b, Supporting Information). 
The high density of unoccupied states in the conduction band 
(O2p and U5f states) of uranium oxide promotes photo-induced 
charge carrier dynamics.[47] This leads to a superior conduct-
ance of charge carriers in the U3O8//Fe2O3 bilayers. The type II  

band alignment in the U3O8//Fe2O3 bilayer 
suggested by DFT calculations was verified 
by XAS data, which showed a significant 
increase in intensity in the O K-edge spec-
trum of the bilayer (Figure 3b). Thus, elec-
trons generated in the α-Fe2O3 layer are 
injected into the U3O8 layer leaving holes 
in α-Fe2O3 that is evident in the enhanced 
water oxidation performance.[43] TAS per-
formed in a ps–ns timescale elucidated the 
evolution of photogenerated charge carriers 
and their transfer and decay dynamics in the 
U3O8//Fe2O3 double layers (Figures S21–S28, 
Supporting Information).[48,49] Since U3O8 
has negligible absorption at 425 nm 
(Figure S21, Supporting Information), excita-
tion of the sample from the backside (U3O8) 
generated carriers near the U3O8–Fe2O3 inter-
face, whereas excitation from the front side  
(α-Fe2O3) generated carriers in the bulk of 
hematite, mostly far from the interface.

The time-resolved spectra of the U3O8//
Fe2O3 bilayer showed two spectrally distinct 
absorption bands centered around 460 and 
550 nm (Figure 4a) due to a fast transfer of 
photogenerated electrons from the α-Fe2O3 
into the U3O8 layer (460 nm) and the absorp-
tion of photo-excited electrons in the hema-
tite layer (550 nm). A bleaching was observed 
for the single α-Fe2O3 layer at 460 nm and 
lower wavelengths, whereas a single U3O8 

layer exhibited a positive absorption similar to that observed 
for the U3O8//Fe2O3 double layer when excited with 365 nm 
light (Figure 4b, and Figure S22, Supporting Information). 
On this timescale, the transient absorption is composed of a 
superposition of the absorptions of both photoexcited holes and 
electrons with the main component of the transient absorp-
tion decay at 700 nm constituted by recombination processes 
(Figure 4c).[48,49] However, the main difference with backside 
illumination is manifested in the faster removal of electrons 
from the α-Fe2O3 layer due to the built-in potential at the 
U3O8//Fe2O3 double layer. This is corroborated by a faster initial 
decay and smaller remaining amplitude at longer delay times as 
well as in the larger 0.35 ps lifetime component (Figure 4c, and 
Table S3, Supporting Information). The two middle decay com-
ponents are nearly identical, with the difference in transient 
absorption that formed within the first picosecond remaining 
well beyond the measurement timescale (component with life-
time over 10 ns). Upon front side illumination, the transient 
absorption decay at 460 nm was relatively slow with about 50% 
of the signal amplitude remaining after 6.5 ns (Figure 4d). In 
comparison, 50% of the transient absorption signal decays with 
a lifetime of 0.35 ps upon backside illumination. This is reason-
ably explained by the transfer of photoexcited electrons from 
the α-Fe2O3 layer into the U3O8 layer with electron injection 
being more pronounced and more rapid when the excitation 
comes from the interfacial region. This illustrates the signifi-
cance of the uranium oxide layer buried between the iron oxide 
layer and the FTO substrate.

Adv. Funct. Mater. 2019, 29, 1905005

Figure 3. XAS measurements at the O K-edge of a) bare α-Fe2O3, U3O8 and the U3O8//Fe2O3 
bilayer (the inset shows the simulated and measured bilayer spectrum in the O2p-Fe3d region) 
and the spectral features of the b) U3O8//Fe2O3 film, c) α-Fe2O3 film, and d) U3O8 film meas-
ured in the dark and under illuminated conditions.
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3. Conclusion

Availability of new and efficient photocatalysts can give 
fresh impetus to alternative energy technologies enabling 
efficient PEC splitting of (sea) water with new photoanode 
materials. This work represents an alternative concept in the 
quest of new water oxidation photocatalysts with potential 
of alleviating the seemingly simple OER and hydrogen evo-
lution reaction involved in the water splitting process. The 
high catalytic activity and unique electronic properties of 
uranium oxides as buried junctions open up new perspec-
tives for turning vastly abundant depleted nuclear fuels 
(mixture of uranium oxides with surrogate oxides) into effi-
cient catalysts for solar energy conversion. The experimental 
data reported here elucidate that despite the critical opinion 
about uranium materials, the favorable intrinsic electronic 
behavior and outstanding water splitting properties are 
promising indicators to address the challenges of solar 
hydrogen production.

4. Experimental Section
Synthesis of U3O8//Fe2O3 Bilayers: U3O8 films were deposited on 

either silicon, titanium, or FTO glass substrates (2.0 cm x 2.5 cm) 
via PECVD in an Ar/O2 mixture using the uranium(VI) compound 
UO2(DMOTFP)2(DMOTFP-H) 1[20] with a subsequent thermal treatment 
in air (600 °C, 4 h). Hematite top layers were prepared by thermal CVD 
using [Fe(OtBu)3]2 as reported previously[35] with an additional post-
deposition annealing in air (500 °C, 5 h). The resulting U3O8//Fe2O3 

bilayers were characterized by electron microscopy, XPS, and XRD 
analysis (see Supporting Information for further details).

Transient Absorption Spectroscopy: The charge transfer and decay 
dynamics were studied using the TAS pump-probe method. The 
fundamental laser pulses from a Ti:Sapphire laser (Libra F, Coherent 
Inc., 800 nm, ≈100 fs pulse width, repetition rate 1 kHz) were directed 
to an optical parametric amplifier (Topas C, Light Conversion Ltd.) to 
produce the desired wavelength excitation pump pulses (365 and 
425 nm, attenuated to 0.5 mJ cm−2 with neutral density filters). The 
single pulse measurements were averaged 5000 times. The samples 
were stored in nitrogen atmosphere during measurements.

In Situ X-ray Absorption Spectroscopy: The in situ XAS measurements 
of O K-, U N-, and Fe L2,3-edges were carried out in TEY mode at BL20A1 
at the National Synchrotron Radiation Research Center in Taiwan. The 
spectra of pure α-Fe2O3, U3O8, and U3O8//Fe2O3 bilayers were recorded 
in the dark and under illumination (1.5 AM solar simulator, HAL-302, 
Asahi Spectra, Japan).

Photoelectrochemical Measurement: PEC measurements were 
performed using a three-electrode configuration in a 1.0 m NaOH 
aqueous solution with pristine α-Fe2O3, U3O8, and U3O8//Fe2O3 bilayers 
as the working photoanodes, SCE as the reference electrode and Pt as 
the counter electrode. Potentials with respect to the reversible hydrogen 
electrode (RHE) scale were calculated using the Nernst equation 
(ERHE = ESCE + E0

SCE + 0.059 pH). A 0.635 cm² masked-off, sealed area 
of photoanodes was irradiated with a 150 W Xe lamp solar simulator 
through an AM 1.5G filter (Oriel).

DFT Calculations: The ab-initio DFT calculations were carried out using 
the projector augmented wave method[50] as implemented in the Vienna 
ab-initio simulations package.[51,52] Hereby, the pseudo-wave functions 
representing the valence electrons were described by a plane wave basis 
set with a cut-off energy of 400 eV. All simulations were performed within 
the PBE+U framework in order to improve the predicted properties of 
the strongly localized Fe d-electrons and U f-electrons. In agreement 
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Figure 4. a) Time-resolved transient absorption spectra of U3O8//Fe2O3 when excited from the backside (U3O8) with 425 nm light. The timescale was 
linear up to 1 ps (solid line) and logarithmic on longer delay times. The decays were corrected for chirp (group velocity dispersion). b) Time-resolved 
transient absorption spectra of U3O8//Fe2O3 at a delay of 0.2 ps when excited from the front- and backside with 425 nm light. The dashed line illustrates 
the difference of the spectra and the transient absorption decays of U3O8//Fe2O3 observed at 460 and 700 nm. c) 700 nm decays, normalized at the 
start of the decay and d) 460 nm decays, normalized at 1000 ps. The fits for the decays were calculated with a global four exponential decay model, 
shown as the solid lines, whereas the diamonds and squares represent experimental data.
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with literature,[36,42,53,54] an effective U of 4 eV was employed both for the  
Fe d and U f orbitals. All structures were relaxed until the maximum forces 
were smaller than 0.02 eV Å−1. Antiferromagnetic ordering was assumed 
both in α-Fe2O3 and U3O8. The band alignment was determined by 
projecting the DFT wave functions onto the atomic sites of the structure 
to obtain the site projected density of states (PDOS). By further averaging 
the PDOS over the lateral directions, a localized density of states along the 
z-direction perpendicular to the interface was obtained (see Supporting 
Information for more specific information on the computational details, 
the generation of the interface models and the effect of the atomistic 
structure on the band edge alignment at the interface).

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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