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Ru-Doped Fe,TiO; as a High-Performance Electrocatalyst
for Urea-Assisted Water Splitting

Kassa Belay Ibrahim,* Karim Harrath, Mohammadhossein Hamrang, Matteo Bordin,
Stéphanie Bruyeére, David Horwat, Enrique Rodriguez-Castellon, Marshet Getaye Sendeku,
Pratik Shinde, Danilo Oliveira de Souza, Luca Olivi, Alberto Vomiero,* Elisa Moretti,*

and Tofik Ahmed Shifa*

1. Introduction

The urea oxidation reaction (UOR), with its low thermodynamic potential,

offers a promising alternative to the oxygen evolution reaction (OER) for
efficient hydrogen production. However, its sluggish kinetics still demand the
development of an efficient electrocatalyst. In this study, the critical role of Ru
doping in Fe,TiO; is demonstrated to accelerate UOR kinetics. The
computational finding confirmed the feasibility of this approach, guiding the
experimental synthesis of Fe,_,Ru, TiO;. Benefitting from surface properties
and electronic structure, the synthesized material exhibits superior
performance with a potential of 1.30 V at a current density of 10 mA cm=2 for
UOR, compared to undoped Fe2TiO5 (1.40 V). Moreover, it demonstrates a
favourable Tafel slope of 52 mV dec~' and maintains robust durability for 72
h. As confirmed from experimental and computational findings, the enhanced
activity can be attributed to the Ru doping resulting in structural distortion at
the Fe site and creation of a favourable adsorption site thereby enhancing
UOR via dual active center. This study not only broadens the potential
applications of Fe2TiO5-based materials beyond their traditional role as
photocatalysts but also establishes them as promising electrocatalysts
underscoring the versatility and improved performance of Fe,_,Ru, TiO;.

Energy crisis and climate change are the
two main challenges encountered recently
and have created huge concerns world-
wide. Research and development of new
renewable energy sources that can replace
conventional fossil fuels is of paramount
importance.l'll' Renewable energy genera-
tion, that is, hydrogen fuel produced by
seawater electrolysis(?! through OER! and
HER has emerged as a viable option. Un-
fortunately, the kinetically sluggish nature
of OER, the resulting high overpotential
limit (1.23 V), and the high energy con-
sumption required for efficient H, produc-
tion have significantly impeded the overall
performance. Considering the overall wa-
ter splitting, the OER process requires a
high voltage to drive it; therefore, substi-
tuting OER with an electro-oxidation reac-
tion with a lower theoretical potential is
an efficient methodology to alleviate this
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issue. Recently, as an alternative to traditional hydrogen produc-
tion from electrocatalytic water splitting, many readily oxidizable
molecules including alcohols,*! glucose,’! urea,!%”] hydrazine,®!
and 5-(hydroxymethyl)furfurall® have been deployed to replace
the OER process and improve energy efficiency. Owing to the
favorable thermodynamics of UOR (CO(NH,), + 60H™ - N,
+ CO, + 5H,0 + 6e~ = 0.37 V) over the OER (1.23 V), this
technology can theoretically realize ~70% of energy saving com-
pared with traditional electrocatalytic water splitting.!'*] Urea
plays a significant role in enhancing water-splitting processes,
particularly through the UOR, which serves as an alternative
to traditional methods for hydrogen production. This approach
not only reduces energy consumption but also improves the
overall efficiency of hydrogen generation. Therefore, UOR is
a thermodynamically favorable process as compared to OER.
Furthermore, urea can be considered a “valuable” waste. It is
an environmental pollutant released by agricultural fertilizers,
industrial processes, and domestic excretion, but it has a high
hydrogen content (6.67 wt%).['>"8] Moreover, urea is universally
available in human urine and industrial and sanitary wastew-
ater, making its electrolysis highly feasible.l23] However, the
practical application of UOR is significantly hindered by major
challenges associated with multistep electron transfer (6e”
transfer),1224] including slow kinetics, complex intermediate ad-
sorption/desorption, and high overpotential. By exploiting UOR,
we could utilize its potential as an energy carrier and mitigate its
environmental impact. Until now, the state-of-the-art catalysts
for urea electrolysis are noble metals, whereas their prohibitive
cost, scarce reserves, and poor stability hinder widespread appli-
cation. So, developing efficient, cheap, and robust UOR catalysts
is highly urgent.

Recently it has been reported that several synthesis ap-
proaches and material design strategies are suitable for pro-
ducing highly efficient UOR catalysts. The optimization of
advanced catalyst performance involves various aspects such
as porosity development, heterostructure design, defect engi-
neering, surface functionalization, electronic structure modula-
tion, and overall modifications of their structural and chemical
properties.!?>) Moreover, nowadays there is a strong emphasis on
researching nonprecious transition metal-based catalysts, partic-
ularly Ni, Co, Mn, and Fe-based catalysts, which show promis-
ing performance in UOR and OER.I'267] Catalysts such as
CoSe, /NiSe,,28] Ni(OH),,??) Ni(OH),/SnS,,*) MoS,/Ni,S, 1]
Ti-doped Fe,0; *? have been widely studied and have demon-
strated excellent properties.[20:33-36]

Iron-based catalysts hold great potential due to their earth-
abundance and low toxicity.!'! Yet, the poor electronic conductor
nature of iron-based catalysts results in the formation of Schot-
tky barriers between the catalyst and the electrolyte, as well as
between the catalyst and the current collector, leading to sub-
optimal catalytic activity in these compounds.”*¥] These limi-
tations can be addressed through elemental doping, which is a
universal strategy to engineer the electronic and chemical prop-
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In this work, we introduce a new active site with strong in-
teraction with O to construct the dual active centers which may
be an effective strategy to break adsorption-energy scaling limita-
tions, and thus improve the UOR activity.[***2l The Ru** with the
electronic configuration of [Kr]4d has been reported to be a suit-
able adsorption site of H,0, OH, and N, to participate in alkaline
UOR and OER.*

Herein, we successfully introduce Ru dopants in Fe,TiOs, via
a hydrothermal and CVD process for electrocatalytic hydrogen
production via water and urea electrolysis. The obtained prod-
uct exhibited superior activities and long-term durability toward
UOR and OER. When used as a UOR and OER electrocatalyst,
low electrode potentials of 1.30 V and 1.40 V could be achieved
to reach a current density of 10 mA cm~ in 1.0 M KOH aqueous
solutions with the absence and presence of 0.5 M urea, respec-
tively. Also, density functional theory (DFT) simulations confirm
that the charge distribution from Ru to Fe, TiOs at the heterojunc-
tion’s interfaces is advantageous for decomposing CO(NH,), and
optimizing and accelerating UOR and OER."]

2. Experimental Section

2.1. Theoretical Simulations

To gain an understanding of the effect of Ru doping on the per-
formance of the pristine Fe,TiO; catalyst, first, the most sta-
ble phase was computationally studied when Ru substitutes Ti
atoms on the surface, forming Fe,Ru, Ti, ,Os, or substitutes Fe
atoms, forming Fe,_ Ru, TiOs. To understand this phenomenon,
Spin-polarized DFT+U calculations were performed using the
revised Perdew-Burke-Ernzerh of (RPBE) exchange-correlation
functional**l within the Vienna Ab Initio Simulation Package
(VASP).I] The projector-augmented wave (PAW) method[*6#7]
with a plane-wave kinetic energy cutoff of 500 eV was utilized,
along with Gaussian smearing of 0.05 eV. The DFT+U correction
was applied with U values of 3 eV for Fe and 3.2 eV for Ti.[#¢4]
The Brillouin zone was sampled using a 3 X 3 x 1 k-point mesh
for geometry optimization and a 6 X 6 X 1 k-point mesh for pro-
jected density of states (PDOS) calculations. The Fe,TiOs (101)
surface was modeled using a (3 x 3) supercell with a 15 A vacuum
layer to prevent periodic interactions. The Ru-doped Fe, TiOs was
modeled as shown in Figure 1a—c. All atoms were relaxed during
geometry optimization until the forces were less than 0.03 eV/A.
The isolated molecules (O,, H,, H,0, N,, CO,, and CO(NH,),)
were optimized within a unit cell of 15 A x 15 A x 15 A using
only the I'-point.**! Van der Waals corrections were incorporated
using Grimme’s method with Becke-Johnson damping.5!!

The oxygen evolution reaction (OER) performance of
Fe,TiO,(101) and Ru-doped models was predicted using Gibbs
free-energy (AG) profiles for the following elementary OER
steps, according to Norskov et al.:[>?!

. - 3 3 - Stepl: OH—+ 3% — %= OH +e— (1)
erties of materials. This approach modifies the electronic struc-
ture of catalysts, creating new surface active sites and expedit- Step IT: %« OH + OH— — # O+ H20 +e— )
ing the charge transfer.*] Various studies have suggested that
pseudobrookite Fe,TiOs can be used as light-harvesting materi- Step III : + O + OH— — * OOH + e— 3)
als in PEC devices and as surface coatings to provide corrosion
resistance. StepIV: %« OOH — % +02+e— (4)
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Figure 1. Catalyst surface models are investigated in this work. a) Fe,TiOs, b) Fe,Ru,Ti;Os, ) Fe,_,Ru,TiOs. d) Formation energy of Fe,Ru,Ti;,Os

and Fe,_,Ru, TiO5 from Fe,TiOs.

where * represents the bare site and *OH, *O, *O, and *OOH
denote the surface featuring different chemisorbed species. The
free energy difference for all of the above elementary steps
(AGOH*, AGO*, AGOOH?*) involving an electron transfer is cal-
culated by the equation AG = AE+ AZPE — TAS+ AGU
+ AG pH, where AE, AZPE, and AS correspond to the energy
difference between adsorption energy, zero-point energy, and en-
tropy, respectively. The adsorption energies AE were measured
using DFT. The AZPE and TAS values were obtained from vi-
brational frequency calculations and DFT. AGU = —eU, where
U represents a potential based on a standard hydrogen electrode.
AGpH describes the Gibbs free energy correction of the pH, not-
ing that it considers pH 12.

Under ideal conditions, the OER reaction with a total energy
change of 4.92 eV can be driven at 1.23 V. In comparison, the
free energy of each elementary reaction would be equally divided
into 1.23 eV. Thus, the overpotential # is introduced to represent
the additional required potential and to rationalize the catalytic
performance of the catalyst, which is defined in theoretical calcu-
lations as: # = max(AG; ,3,4)/e — 1.23 eV.

The overall reaction equation of urea oxidation (UOR) is pre-
sented as follows:

CO(NH)2 + 6 OH— - N2+ 5H20 + CO2 + 6e— (5)

where the specific elementary steps are considered according to
the following scheme:

Step I: CO(NH2)2+ % — * CO(NH2)2 (6)
Step I1 : * CO(NH2)2 + OH— — % CO(NH2NH) + H20 + e— (7)
Step II1 : + CO(NH2NH) + OH— — % CO(NHNH) + H20 +e— (8)

Step IV: % CO(NHN) + OH— —  CO(NN)+ H20 +e—  (9)

Step V: % CO(NN) — * CO+ N2 (10)
Step VI: * CO+ OH— — * COOH +e- (11)
Step VII: * COOOH + OH- — % CO2+ H20 +e— (12)
Step VIII : * CO2 — % 4+CO2 (13)
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2.2. Synthesis of the Electrocatalyst
2.2.1. Materials

These reagents were used without further purification: iron(III)
nitrate nonahydrate (Fe (NO,);, Merck > 99.95%), isopropanol
((CH;),CHOH, Merck > 99.5%), titanium(IV) isopropoxide
(Ti (OCH(CH,;),)., Merck %97), ruthenium(III) chloride non-
ahydrate (RuCl;*9H,0, Merck 45-55%), absolute ethanol
(CH,CH,O0H), deionized water (H,0).

Synthesis of pseudobrookite Fe, TiOs: To synthesize the pseu-
dobrookite Fe,TiOs, 2.51 mmol of Fe (NO,);.9H,0 were dis-
solved in 50 mL of isopropanol under stirring. Then, 1.25 mmol
of Ti (OCH(CH;),) were added dropwise to the solution. The
resulting mixture underwent stirring for 1 hr. Then, the solu-
tion was transferred to a Teflon-lined stainless-steel autoclave and
subjected to a solvothermal treatment at 150 °C for 12 hrs, with
a controlled heating rate of 10 °C min~!. After cooling, the sus-
pension was centrifuged and washed with deionized water and
isopropanol three times. The powder was then dried in a 60 °C
oven for 12 h, then calcinated in a furnace at 800 °C for 3 h.

Synthesis of Fe, Ru,TiO;: In a typical process of
Fe, ,Ru,TiO; synthesis (Scheme S1), 5.01 mmol Fe,TiOs,
and 0.1082 mmol RuCl;-9H,0 were dissolved in 10 mL of
ethanol under stirring for 3 hrs. Later, 20 ml of deionized water
were added to the solution and stirred for 3 h. The entire solution
was then transferred to a Teflon-lined stainless-steel autoclave
and subjected to a thermal treatment at 150 °C for 12 h. After
natural cooling, the resulting sample was centrifuged and dried
for 12 h at 60 °C, followed by calcination at 300 °C for 2 h under
Ar atmosphere.

2.3. Material Characterization Techniques

The samples’ crystalline structure and phase composition were
examined using X-ray diffraction (XRD) on a TZY-XRD (D/MAX-
TTRIII(CBO)) system with Cu-Ka radiation (4 = 1.5418 A).
The morphology and microstructure were characterized through
Scanning Electron Microscopy (SEM) on a Hitachi S4800 field-
emission scanning electron microanalyzer coupled with energy-
dispersive X-ray spectroscopy (EDX). High-resolution Transmis-
sion Electron Microscopy (HR-TEM) and High Angle Annu-
lar Dark Field — Scanning Transmission Electron Microscopy

© 2025 The Author(s). Small published by Wiley-VCH GmbH
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(HAADF-STEM) micrographs were also recorded via Nancy
JEOL ARM 200F with 2 CS correctors. The TEM has an in Nancy:
MSC794 camera Gatan one view, JEOL HAADF detector, and
a double-tilt sample holder. X-ray photoelectron spectroscopy
(XPS) measurements were carried out in a PHI 5700 Physical
Electronics spectrometer, with non-monochromatic Mg Ka radi-
ation equipped with a multichannel detector. X-ray absorption
spectroscopy (XAS) measurement at Fe K-edge was carried out
at the XAFS experimental end station of the synchrotron Elet-
tra (Andrea Di Cicco et al., https://doi.org/10.1088/1742-6596/
190/1/012043) by mounting the sample (as pellets) on a sample
holder using Kapton tape in a vacuum chamber. The Si (1 1 1)
fixed-exit double crystal monochromator of 1.4 x 10~* resolving
power was calibrated to the first-derivative maximum of the K-
edge absorption spectrum of a metallic Fe foil (7112.0 V) and it
was detuned to exclude higher order harmonics.

2.4. Electrochemical Measurements

Typically, the electrochemical performance was measured us-
ing a Biologic electrochemical workstation instrument with tech-
niques like Linear scanning voltammetry (LSV), cyclic voltam-
metry (CV), chronopotentiometry (CP), and Electrochemical
impedance spectroscopy (EIS). All the electrochemical experi-
ments were carried out in a three-electrode set-up (Ag/AgCl-
reference, Pt wire-counter, and as-prepared catalysts-working
electrode, electrolyte- 1.0 m KOH). Before measuring LSV, CV
was performed at a scan rate of 50 mV s~! for 20 cycles to ac-
tivate the surface of the catalyst. Then, LSV was carried out at
a scan rate of 1 mV s7'. The electrochemical double-layer ca-
pacitance (Cy) of various electrocatalysts was also obtained us-
ing the CV in the non-Faradic area at varied sweeping speeds
spanning from 180 mV s~! to 260 mV s~'. Electrochemical
impedance spectroscopy (EIS) measurements were carried out
from 0.1 to 100 000 Hz with an amplitude of 5 mV and an over-
potential of 0.3 V. The electrochemical double-layer capacitance,
expected to be linearly proportional to the Electrochemical active
surface area (ECSA), was determined by measuring the capaci-
tive current at non-Faradic regions from scan rate-dependent CV
runs.

3. Results and Discussion

3.1. Theoretical Insights

The DFT calculations predicted the potential substitution sites
for Ru in the Fe-Ti-O system. Ru could either replace Ti, form-
ing Fe, ,Ru,TiOs, or Fe, resulting in Fe,  Ru, TiOs. To resolve
this ambiguity, the formation energies for both scenarios were
calculated. Figure 1 presents the calculated formation ener-
gies for Fe,Ru,Ti, ,Os and Fe, Ru,TiO. The results indicate
that the formation of Fe,  Ru TiO; is slightly more thermody-
namically favorable than that of Fe,Ru, Ti, . Os, suggesting that
Fe, ,Ru,TiO; may be the dominant phase in the real catalyst.
However, the possible existence of Fe,Ru,Ti;_ Os cannot be ex-
cluded, prompting us to investigate the activity of both models
toward the OER and UOR to better understand the active sites.
Inspired by this, we experimentally produced the predicted sys-
tems.
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3.2. Morphology, and Crystal Structure Characterizations

The pure Fe,TiO; pseudobrookite crystal phase with an or-
thorhombic space group, Bbmm (63), was achieved at 800 °C for 3
h and characterized by XRD. As depicted in Figure 2a, the diffrac-
tion reflections appeared at 18.1°, 25.5°, 32.4°, 36.5°, 37.4°, 45.9°,
48.7°, and 59.8°, corresponding to the (200), (101), (230), (301),
(131), (430), (020), and (232) planes of Fe,TiO;. All peaks in the
diffraction pattern agree with the standard PDF #41-1432, con-
firming the formation of the pure Fe,TiO; phase. To introduce
Ru doping, different amounts of Ru precursor (0.04, 0.06, 0.08,
and 1.0g) were considered to optimize the appropriate Ru content
that could be incorporated without inducing an additional crystal
phase in Fe,TiOs, aiming for the formation of ,_ Ru, TiOs. This
was synthesized using hydrothermal synthesis followed by CVD
treatment. The pure ,_ ,Ru, TiO, phase was achieved at x = 0.04
Ru content. XRD characterization (Figure 2a) of the Ru-doped
material revealed reflection peaks like Fe, TiOs, with a slight shift
of the (101) diffraction peak to a lower angle. This shift indicates
an increase in interplanar spacing, suggesting the successful in-
corporation of Ru** ions into the Fe, TiO; structure. However, as
shown in Figure Sla (Supporting Information), when x exceeds
0.04, Ru tends to aggregate and form RuO, instead of incorpo-
rating into the Fe,TiOs lattice. This leads to the formation of a
RuO,-Fe, TiO; heterostructure rather than true Ru doping. As il-
lustrated in Figure 2b, the TEM analysis reveals that Fe, TiO5 con-
sists of nanoparticles, with a mean particle size of ~52 nm, as es-
timated from Figure S1b (Supporting Information) and further
supported by Figure S1c (Supporting Information). The HRTEM
images (Figure 2c) display that the nanoparticles are highly crys-
talline: crystal lattice spacing is observed and the corresponding
SAED pattern (Figure 2d) shows a clear diffraction pattern. The
marked crystal lattice spacing is 4.56, and 3.34 A, corresponding
to (111) and (220) crystallographic planes of Fe,TiOs (PDF #41-
1432), which is consistent with XRD analysis and the standard
patterns of Fe,TiO; (PDF #41-1432). When Ru was incorporated,
the TEM image (Figure 2e) demonstrated that smaller particles
(less than ~49 nm, Figure Slc, Supporting Information) could
be observed on Fe,  Ru TiO,. With Ru loading, the HRTEM im-
age (Figure 2f) and SAED pattern (Figure 2g) display diffraction
spots at 2.88, 4.94, and 3.43 A, corresponding to (121), (200), and
(101) crystallographic planes of Ru doped Fe,TiOs structure, re-
spectively. HAADF_STEM images (Figure 2h) and correspond-
ing elemental mapping confirm the presence and spatially ho-
mogeneous distribution of Ru, Fe, Ti, and O elements uniformly
dispersed in the Fe,  Ru,TiO;.

XPS analysis was used to understand the samples’ surface
chemistry and oxidation states. Figure S2a,b (Supporting In-
formation) shows the survey XPS spectra for Fe,TiO; and
,_xRu, TiOs samples, which affirm the presence of all the ex-
pected elements, that is, Ti, Fe, O for Fe,TiOs, and the addition
of Ru in the Fe,_ Ru,TiOs. The deconvoluted high-resolution Fe
2p core level spectrum of Fe,TiO; (Figure 3a), shows contribu-
tions at 724.1 and 710.8 eV assigned to the doublet Fe 2p, ,, and
Fe 2p; ,, respectively, indicating Fe’* with a 13.3 eV gap. Decon-
volution revealed a contribution at 713.4 eV, and satellite peaks
at 719.1 and 732.7 eV that confirm the oxidation state of Fe**.
In the Fe,_ Ru, TiOg sample, the high-resolution Fe 2p core level
spectrum showed a slight shift of 0.2 eV toward lower binding

© 2025 The Author(s). Small published by Wiley-VCH GmbH
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Figure 2. a) XRD, b) TEM image, c) HRTEM image d), SAED pattern of Fe,TiOs, e) TEM image, f) HRTEM image, g) SAED pattern of Fe,_ Ru,TiOs,
h) HAADF_STEM and corresponding elemental mapping of Ru, Fe, Ti, and O in Fe,_,Ru,TiOs.

energies, suggesting a possible electron density redistribution be-
tween Ru and Fe at the surface region.

The BE of Ti 2p in Fe,TiOg appeared at ~458.3 and 463.9 eV,
indicative of Ti** oxidation states, as shown in Figure 3b. Upon
Ru doping, the Ti 2p; , binding energy shifts to a higher energy
of 458.7 eV, specifically by 0.4 eV, pointing out the electron den-
sity redistribution between Ru and Fe at the surface region. How-
ever, part of the doublet Ti 2p, , is masked by the Ru 3p, , signal.
To further validate the oxidation state of Ti, we examined the Ti
3p spectrum (Figure S2c, Supporting Information), which con-
firmed the presence of Ti (IV) ions, octahedrally coordinated by
oxygen ions. As depicted in Figure 3c the Ru 3d peaks at 282.1
eV and 286.0 eV confirmed the presence of Ru*". Due to the
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Ru 3d signal overlapping with the C 1s signal, the Ru 3p,, at
488.1 eV (Figure S2d, Supporting Information) was measured,
further confirming the presence of Ru** in Fe,_ Ru, TiOs. How-
ever, peaks at 484.7 and 280.5 eV in both Ru 3p and Ru 3d spec-
tra indicated the presence of unreacted Ru (0) on the surface. Fi-
nally, the high-resolution O 1s core level spectra (Figure S2e, Sup-
porting Information) were resolved into two contributions: one
at 529.9 eV, associated with lattice oxygen, and another ~ 531.4
eV, attributed to Fe-OH groups in both doped and undoped sam-
ples. Hence, the combined study shows that the nano-structured
material and Ru doping were successfully synthesized. To fur-
ther explore the electronic structure and crystal structure distor-
tion, Fe K-edge XAS spectra (Figure 3e) were collected for both
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Figure 3. High-resolution XPS spectra of Fe,TiOg and Fe,_,Ru,TiOs a) Fe 2p b) Ti 2p c) Ru 3d and d) O 1s. e) XAS Fe K-edge spectra for FeO, Fe, O3,

Fe; Oy, Fe,TiO; and Fe,_, Ru,TiOs.

Fe,TiO; and Fe,_ Ru, TiO5 and compared with reference spectra
from FeO, Fe,0,, and Fe;0,. The alignment of the Fe K-edge
spectrum of Fe, TiOs with that of Fe,O, confirms the presence
of Fe**. However, after Ru doping, the main edge shifts to lower
photon energy, aligning with FeO, which indicates a partial re-
duction of Fe in Fe,  Ru, TiO; toward the Fe?* state. This obser-
vation is consistent with our Fe 2p XPS results. Additionally, the
change in pre-edge peak intensity in the Fe K-edge indicates a
local structure distortion at the Fe site, further supported by our
DFT calculations. This suggests that Ru substitutes the Fe site to
form Fe,_,Ru, TiO;. Our findings align closely with the results re-
ported in earlier research studies.[>*** This consistency suggests
that our outcomes support the validity of the conclusions drawn
by prior investigators.

3.3. Electrochemical Evaluation of UOR

The electrocatalytic performance of the designed samples for
UOR was investigated using a standard three-electrode cell in
a 1.0 m KOH solution with 0.5 M urea. Figure 4a shows the
OER electrocatalytic performance of Fe,  Ru,TiOs and Fe,TiOs.
Specifically, in 1 M KOH the potential required by Ni foam,
Fe,TiOs, and Fe,  Ru TiO, for OER to reach a current density
of 10 mA cm™ is 1.75,1.61 and 1.50 V. However, with 1 M KOH
+0.5M urea, the potential at 100 mA cm™2 (E,,) of this catalyst
can reach 1.6 V, ~ 140 mV lower than that in the pure KOH so-
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lution, implying that the UOR is more energy-efficient than the
OER for Fe,  Ru,TiOs. The Fe,TiOs catalyst requires potentials
0f1.61,1.70, and 1.80 V to achieve current densities of 10, 50, and
100 mA cm~? for the OER (Figure S4a, Supporting Information).
However, after Ru doping, Fe,  Ru TiOg shows a significant re-
duction in the required potentials, needing only 1.50, 1.62, and
1.74 V for the same current densities. A similar trend is observed
under UOR conditions (Figure 4c), where Fe,_ Ru, TiOs achieves
10, 50, and 100 mA cm~? at 1.29, 1.50, and 1.60 V, respectively,
in contrast to Fe, TiOs, which requires 1.55, 1.71, and 1.80 V. The
significant change in potential in Ru doped sample and under the
presence of Urea reflects that Ru doping and urea play a crucial
role in enhancing catalytic performance. For a fairer comparison
that would eliminate the influence of the catalyst’s surface area
and focus on its true intrinsic activity, we normalized the data
with ECSA.[>) As can be seen from Figure S4b (Supporting In-
formation), a similar trend is observed which illustrates that elec-
trocatalytic performance emanates from the intrinsic behavior.
To better understand the UOR and OER kinetics, the Tafel
slopes for doped and undoped samples were determined. As a
result, Fe,_ Ru, TiO; displays a remarkably smaller Tafel slope of
52 mV dec™ in UOR (Figure 4d) compared to the Tafel plot of
92 mV dec™! in OER (Figure 4e), indicating a rapid current den-
sity increase and favorable kinetics for UOR. The performance
and kinetics of Fe,_,Ru, TiO; for UOR were also compared with
literature reports, demonstrating superior activity and fast kinet-
ics surpassing the most recently reported works, as shown in

© 2025 The Author(s). Small published by Wiley-VCH GmbH

85U8017 SUOWWOD SAIER.D 3|gedldde ay) Aq peusenob o sejoie YO ‘8sn JO S9N J0} AIq1T 8UIUQ A8]IA UO (SUONIPUCD-PUe-SWLBIW0D A8 | Afe.d1jBuluoy/:Sdny) SUORIPUOD pue swie 1 8y} 89S *[9202/#0/80] U0 Akeiq1auljuo AB[IM e1feleueIyo0D AQ 0LEZTYZ0Z |IWS/Z00T OT/I0p/uoo" A3 1M Alelq 1 puljuo//Sdiy Wwolj pepeoumod ‘T ‘520z ‘62895TIT


http://www.advancedsciencenews.com
http://www.small-journal.com

ADVANCED
SCIENCE NEWS

smidll

www.advancedsciencenews.com

www.small-journal.com

150 150 25
b) C) I 10 mA/em?
I 50 mAfem?
JOER 20l I 100 mA/cm?
100 4 100 4 —o—Ni-foam- OER w
& o1 MKOH & »—Fe,TiO;-OER 15
£ —o—1 MKOH +0.5 MUrea § g —o—Ni-foam- UOR e ]
E Fe,Ru,TiOs J é —o—Fe,TiOs-UOR 2
= | - 50 4 E, 1.0
50 3
0.5
f ¥ T T T T T T 0.04
1.0 1.2 1.4 1.6 1.8 13 14 15 16 17 18 19 UOR UOR UOR
Vvs RHE V vs RHE Ni foam Fe,TiO; Fe, Ru,TiO;
0.6 0.8
UOR
d) €) OER f) ep-cos (OH), NN/Ti
0.5 - 100 A ’ Ni.P
gec’ 0.7 I
a3t ¥ = . 4
044 Ni foam . o gec’ © PYNiCoZn-LDH o
0.3 ) V —g 80 S-MnO,-G/NF CoFe/NF
Y . S [y ;
) = B ) .
= ? Fe,TiOg 2 054 Ni foam o NixCo,xP/c I"MOF NS
] i ¢ 5} NiCoP Ni-V,0,/NF
gomv ded 60{ 4 .
014 , 0.4 - ™ Fe,TiO, o This work
52 mV dec’ w “5 v
92 mV dec. = Ni(OH)S/NF
0.0 1 Fe, RRu,TiO, 0.3 Mez Ru,TiO, . . OIS
o Mn-Ni,S/NF g
0.1 . . ; ; 02
0.0 04 0.8 1.2 d T T T
log [j (mA om?)] 04 08 12 16 60 80 100 120 140
log [j(mA cm?)] My (V @10 mA cm?)
g9)

1M KOH +0.5 M Urea
UOR

1.5V vs RHE

1M KOH
OER

-50 ’ I B I v I
0 10 20 30

40 50 60 70

Time (hr)

Figure 4. a) Polarization curves of Fe,_,Ru,TiOs electrocatalysts in 1.0 KOH with and without 0.5 m urea. b) LSV curves of NF and Fe,TiOs.
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durability test at 1.5V.

Figure 4f. To investigate the reasons for the high UOR activ-
ity of Fe,_ Ru,TiOs, we first calculated its double-layer capaci-
tance (Cy), which is proportional to the electrochemical active
surface area (ECSA). To unveil this, we calculated the Cy by mon-
itoring the current density in the non-Faradic region with dif-
ferent scan rates. The CV run for obtaining these data is pre-
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sented in Figure S3c—f (Supporting Information). As a result,
Figure S4a,b (Supporting Information) shows the Cdl value of
Fe,TiO; (27.7 mF cm™, UOR and 30.0 mF c¢m~2, OER) and
Fe, ,Ru,TiOs (33.0 mF cm~2, UOR and 35.8 mF cm™2, OER),
respectively. The UOR Cdl value for Ru doping of Fe,  Ru TiOg
is 2.7 times higher than that of Fe, TiOs, demonstrating that Ru
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doping can greatly improve the UOR intrinsic activity. Moreover,
the EIS at the solid—liquid interface was measured to study elec-
trical conductivity. As shown in Figure S4c (Supporting Infor-
mation), Fe,_ Ru, TiOs exhibits a charge transfer resistance (Rct)
of only 0.91Q, lower than Fe,TiO(1.02 Q) under UOR. Simi-
larly, under OER, Fe,  Ru,TiOs shows an Rct (Figure S4d, Sup-
porting Information) of only 1.75 Q, again lower than that of
Fe,TiO4(1.78 Q), implying the enhanced electron transfer rate in
Fe, Ru,TiO..

In addition to catalytic activity, stability is another fundamen-
tal criterion for evaluating catalysts. Herein, we examined the
Chronoamperometric performance (Figure 4g) of the catalyst at
a potential of 1.5 V over an extended period of 72 hr with negli-
gible potential change, signifying the robust OER and UOR sta-
bility. We also examined the Chronopotentiometric performance
(Figure S4e, Supporting Information) at fixed current densities
(10, 50, and 150 mA cm~2) over an extended period of 36 hr. At
lower current densities of 10 and 50 mA ¢cm~2, the catalyst ex-
hibited stable potentials for both OER and UOR. However, at a
higher current density of 150 mA cm~2, a slight drop in potential
was observed only in OER, with no corresponding change ob-
served in the UOR counterpart. It is noteworthy that the increase
in potential during OER occurred primarily in the final hours,
while the potential remained relatively constant during the ini-
tial hours. The long-term stability for Fe,  Ru,TiO; under KOH
and KOH + urea also compares fairly with the most recently re-
ported literature, as displayed in Table S1 (Supporting Informa-
tion). This impressive resilience suggests the potential for long-
term practical applications of the catalysts.

Meanwhile, after drop-casting Fe,  Ru,TiOs onto Ni foam,
post-UOR XRD analysis was conducted to evaluate the catalyst’s
structural stability. Although the intense peaks from the Ni foam
obscure some characteristic peaks of our material, an enlarged
peak (Figure S5, Supporting Information) is still observed at
25.5° and 32.4°, corresponding to the (101) and (230) planes of
Fe, Ru,TiO.. This confirms the material’s stability even after
long-term operation.

3.4. Mechanism of Electrocatalytic Urea Oxidation Reaction

Experimental efforts unveiled that the rationally synthesized
Fe,_,Ru, TiO; holds superior catalytic activity and robust stability.
To further understand the reaction mechanism and the underly-
ing reason for the higher activity, density functional theory (DFT)
simulations were conducted. Given the nature of the catalyst sur-
face, we proposed two possible mechanisms to investigate the
OER reaction: the adsorbate evolution mechanism (AEM), based
on the evolution of adsorbed intermediates, and the lattice oxy-
gen mechanism (LOM), where lattice oxygen could be involved
in the OER process, as depicted in Figure 5a. Similarly, Figure 5b
presents the OER energy profile for the three models using the
AEM mechanism. The data show that the Fe,TiO; catalyst has
a high energy barrier of 2.25 eV, with a potential-limiting step
of 1.02 V. This suggests that OER processing on the Fe,TiO;
surface is challenging at low electrode potentials, with the rate-
determining step being the transformation of *OH to *O. The
introduction of a Ru atom in place of Ti reduces the barrier en-
ergy to 1.94 eV, and the potential-determining step decreases to
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0.71V, still associated with the *OH to *O transformation. A sim-
ilar activity is observed when Ru substitutes for Fe, with a barrier
energy of ~1.97 eV and an overpotential of ~0.74 V. In all three
models, the rate-determining step is the *OH to *O transforma-
tion, which can be attributed to the high oxidation environment
of the Fe,TiOs catalyst and its Ru-doped counterpart. This high
oxidation environment necessitates a significant energy barrier
for the formation of the *O intermediate, which is moderated by
the introduction of Ru atoms at the Ti or Fe sites.

Due to the high oxidation environment of the catalyst mod-
els, we also investigated the LOM mechanism, exploring the
possibility of lattice oxygen involvement in O, production via
association with the *O intermediate. The energy profile de-
picted in Figure 5c shows that the associative process of the
*0 intermediate with lattice oxygen to form O, and create an
oxygen vacancy requires high barrier energies. These barriers
are ~1.70, 2.55, and 1.42 eV for the Fe,TiOs, Fe,Ru,Ti; O,
and Fe,  Ru,TiO; catalyst models, respectively, indicating a
significant likelihood of occurrence under real operating
conditions.

We next examine the UOR mechanism in the three models,
beginning with an analysis of the urea adsorption energy as an
initial step for subsequent oxidation. As illustrated in Figure 5d,
urea exhibits the highest adsorption energy of #—1.01 eV on the
Fe,Ru,Ti, O surface, while the Fe,  Ru,TiO surface shows a
moderate adsorption energy of ~—0.81 eV. In contrast, the pris-
tine Fe, TiOs surface demonstrates a relatively low adsorption en-
ergy of ~—0.43 eV. The subsequent reaction pathway, detailed
in Figure 5e, reveals that all three models adsorb urea more
strongly than the *OH intermediate. This suggests that, under
operational conditions, urea can preferentially occupy the cata-
lyst’s active sites due to its higher adsorption energy compared
to OH".

The initial step of urea activation is critical, as it determines
the feasibility of urea decomposition. As shown in Figure 5e, the
first step of urea dehydrogenation requires a barrier energy of
1.76 eV on the pristine Fe, TiO; surface. In contrast, this bar-
rier is significantly lower in the Ru-doped models, requiring 1.12
eV on Fe,Ru,Ti; ,Os and 1.26 eV on Fe,  Ru, TiOs. Notably, this
first step is the rate-determining step for the pristine Fe, TiO; sur-
face, but not for the doped models. For Fe,Ru,Ti, ,Os, the rate-
determining step is the third dehydrogenation step, with a barrier
energy of 1.29 eV. For Fe,_ Ru, TiOs, the second dehydrogenation
step is rate-limiting, with a barrier energy of 1.62 eV. These find-
ings suggest that high adsorption of certain reaction intermedi-
ates and control of their adsorption energy and interactions with
the catalyst surface can enhance urea oxidation.

To better understand the effect of Ru doping on the Fe ac-
tive site in Fe,TiO;, we performed a projected density of states
(PDOS) analysis, as shown in Figure 6a,b. The results indicate
that the introduction of Ru atoms shifts the Fe 3d orbitals up-
ward, suggesting a reduction in the oxidation state of the Fe sites.
This shift helps to explain the enhanced adsorption of reactants,
including the OH intermediate for the OER reaction and urea.
Notably, we also observed a splitting of the Fe 3d orbitals, with
the dz? and dxz orbitals shifting to higher energy levels. These
results may also indicate a crystal structure distortion, consistent
with observations from experimental results from the XPS Fe 2p
spectra (Figure 3a) and Fe K-edge XAS (Figure 3e).
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4. Conclusion

In summary, Ru-doped pseudobrookite Fe, TiOg was successfully
synthesized using a two-step hydrothermal treatment. This ap-
proach yielded a sample with high crystallinity, well-defined mor-
phology, and precise ruthenium doping, as predicted by first-
principles calculations. Additionally, the resulting nanostructure
demonstrated exceptional efficiency and stability as an electro-
catalyst for both OER and UOR. Its low overpotential of 150
mV, a Tafel slope of 52 mV dec™!, and remarkable stability over
72 h make this material one of the most promising candidates
in the UOR field. From the DFT simulation, Ru-doped models
showed higher urea adsorption energies and lower energy bar-
riers for initial dehydrogenation steps to the pristine Fe,TiOs.
The Ru doping donates electrons back at large overpotential and
prevents Fe dissolution, as confirmed via first-principle compu-
tation. The dynamic electron interaction between Ru and Fe facil-
itates the adsorbate evolution mechanism and lowers adsorption
energies for oxygen intermediates to boost the activity and stabil-
ity of Fe,Ru, Ti, ,O;. This study paves the way for advancing wa-
ter oxidation through innovative material development and using
urea-assisted water splitting, which collectively helps oxidation
reduce water oxidation’s kinetics.
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Supporting Information is available from the Wiley Online Library or from
the author.
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