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1. Introduction

Substitutional Mo doping in a TazNs photoanode:
mitigating native defects through engineering and
enhancing water-splitting performance ¥

Hameed Ullah,**® Altaf Ur Rahman,®< Ariadne Koche, (2 ° Carlos F. O. Graeff, (2P
Marcus V. Castegnaro,® Marcos Jose leite Santos 2@ and Sherdil Khan () *@

TazNs, with its 2.1 eV bandgap and favorable band edge positions, is a promising compound for solar
water splitting. However, its performance is limited by defective states introduced during high-tempera-
ture nitridation, particularly those based on reduced Ta species that act as electron recombination centers
and can pin the Fermi level. Increasing electron density to extend the conduction band may suppress the
formation of these states. Here, we introduce a combined theoretical and experimental study on Mo
doping in TaszNs, aiming to inhibit structural defects and enhance photoelectrochemical activity.
Theoretical calculations reveal that Mo doping in TasNs not only decreases the bandgap but also trans-
forms the material from an indirect to a direct bandgap semiconductor. This transformation is attributed
to the ability of Mo?* ions, with comparable ionic radii and oxidation states for substitutional doping. This
substitution introduces neutralizing acceptor states, effectively mitigating the formation of reduced Ta**/
Ta** states and nitrogen vacancies. As a result, charge carrier transport is enhanced, and recombination is
suppressed. Additionally, the refractive index increases from 2.65 to 2.89 upon Mo doping, demonstrating
improved optical performance for photoelectrochemical applications. Experimental results demonstrate a
4.3-fold enhancement in photoelectrochemical activity, alongside a 150 mV cathodic shift in the onset
potential with substitutional Mo doping in TazNs. Moreover, the substitutional Mo doping does not induce
lattice strain. These findings suggest that precise Mo doping in TazNs has the potential to drive the devel-
opment of innovative photoelectrochemical systems for practical solar fuel applications.

UV light, representing 5% of the solar spectrum. Furthermore,
due to very low charge carrier mobilities, other materials, such

To address global energy and environmental challenges, con-
verting solar energy into chemical fuels offers a sustainable
solution. Photoelectrochemical (PEC) water splitting rep-
resents a cutting-edge approach to producing green hydrogen
by harnessing sunlight." Metal oxides have been extensively
studied as photocatalytic materials for artificial photosyn-
thesis. However, their wide bandgaps and short charge
diffusion lengths hinder their viability for large-scale, commer-
cial applications. For example, TiO, > and WO; only absorb
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as BivO,,%” Cu,0,® CdS,’ Fe,0;,'° and BaTaON,'" exhibit low
water-splitting performances, which limit their practical appli-
cations. Efforts have been made to improve the optical and
electronic properties of these materials. Metal nitrides have
also been explored as photocatalysts. Among the various metal
nitrides, Ta;N; stands out due to its low bandgap (E, ~ 2.1 eV)
and favorable band edge positions that straddle the water
redox potentials. Theoretically, Ta;Ns can achieve a photo-
current density of 12.9 mA cm > and a maximum solar-to-
hydrogen (STH) conversion efficiency of 15.9% under AM 1.5G
illumination."® However, its overall water-splitting efficiency is
significantly limited by charge carrier transport behavior, particu-
larly the hole diffusion length and trapping of the electrons by
interband states. The disparity between the short hole diffusion
length (typically 5-50 nm) and the much larger light absorption
depth at the micrometer scale poses a critical challenge, leading
to increased charge recombination and reduced PEC perform-
ance. Similarly, the most common point defects associated with
Ta;N; are nitrogen vacancies (Vy) and reduced tantalum species

This journal is © The Royal Society of Chemistry 2025
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(e.g. Ta®"). These point defects, ie. Vy and Ta*", correspond to
the formation of states that lie near the conduction band and
play a vital role in destabilizing the material.'* They also act as
photogenerated charge carrier trap and recombination centers,
affecting the PEC characteristics of Ta;N5.'* To improve the PEC
performance of TazNs, it is crucial to develop strategies that sup-
press or passivate these defects.

Various strategies have been investigated to overcome the
challenges related to trapping and the transport of charge car-
riers in Ta;N;, including exploring nanostructure formation,"
implementing heterojunctions,'®'” and optimizing synthesis
conditions.'®'® Furthermore, the doping of different foreign
ions into the lattice of Ta;Ns has been explored, resulting in
enhanced PEC performance. To date, a broad spectrum of
dopant ions in TazNs has been investigated in the literature
including Ba®","” Mg>"** W**>' zr*"** Ge*" (ref. 23) and
Na'*.** These dopants contribute to enhancements in the
photoelectrochemical (PEC) characteristics of TazNs. These
investigations indicated that the primary function of these
dopants is to mitigate the presence of native point defects (Vi
and Ta*") and facilitate the introduction of lattice oxygen. A
notable example is substitutional Zr*" doping in Ta;N;, where
Zr*" acts as a compensating electron acceptor. This doping
effectively reduces the concentration of native defect states,
such as nitrogen vacancies (Vy) and reduced tantalum states
(Ta*"), thereby improving the material’'s electronic
properties.'*> Enhancing the Zr concentration results in an
elevation of lattice oxygen, accompanied by the generation of
defect pairs possessing lower formation energy when com-
pared to isolated Ta;N5.>>?® Li et al. achieved a 26.4% improve-
ment in photocurrent density at 1.23 Vgrye through the incor-
poration of Ba into TazNs. Xiao et al. synthesized nanoparticles
of Mg-Zr co-doped TazNs, which exhibit more favorable
bandgap energetics, reducing the onset potential to 0.55 Vryg.
Consequently, the photocurrent density increases significantly
to 2.3 mA cm™> at 1.23 Vgyg.>> Recently, Wagner and col-
leagues fabricated Ti-doped Ta3Ns, demonstrating improved
charge transport and enhanced photoconversion efficiency.>®
Mo is a transition metal with unoccupied d-states and an ionic
radius of Mo*" (~65 pm), which is comparable to that of Ta>*
(~64 pm). This similarity suggests that substitutional doping
of Mo at the Ta site can occur without significantly altering
the crystal structure of Ta;Ns. Additionally, Mo has a lower
oxygen affinity than Zr, which has been previously investigated
as a dopant. As a result, during the nitridation process, Mo-O
bonds can be more easily replaced by Mo-N bonds.
Furthermore, the d-orbitals of Mo*" can hybridize with Ta-d
and N-p states, leading to an increase in electron density in
the conduction band, thereby enhancing electron mobility.
Despite these promising attributes, no prior theoretical or
experimental studies have been reported on Mo doping in
Ta;Ns, leaving a critical gap in the understanding and optimiz-
ation of this material for advanced applications.?”

Aiming to inhibit structural defects and improve PEC per-
formance of Ta;Ns, herein, we conducted a comprehensive
theoretical investigation of the impact of Mo doping in Ta;N5
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and experimentally prepared Mo-doped Ta;Ns; nanotubular
photoelectrodes for photoelectrochemical (PEC) water split-
ting. To the best of our knowledge this is the first experimental
and theoretical study of Mo-doped Ta;Ns. This study aims to
enhance the PEC performance of TazN5 photoanodes through
Mo doping and to investigate their structural, electronic and
optical properties using theoretical and experimental
approaches. This work demonstrates that Mo doping effec-
tively reduces deep-level defects and recombination centers
associated with nitrogen vacancies and reduced tantalum
states, leading to improved PEC activity, including a cathodic
shift in the onset potential and enhanced photocurrent
density. This study provides a comprehensive insight into the
role of Mo in optimizing Ta;N5 for practical solar water-split-
ting applications.

2. Computational study
2.1 Computational method and model

The ground state, structural and electronic properties of bare
and Mo-doped TasNs were calculated by density functional
theory (DFT). The DFT calculations in this study were per-
formed by using the QUANTUM ESPRESSO (QE) package,®®
with the plane wave basis pseudopotential method. We used
the generalized gradient approximation (GGA)*® and GGA+U>°
in this study for the exchange correlation functionals. The
charge density and wave-function cutoff used in the calcu-
lations are 280 Ry and 70 Ry, respectively. The residual force
criterion used in the geometry relaxation is below 0.001 eV
A™". The valence electronic configurations used in this calcu-
lation are 2s*2p® for N, 4d>5s" for Mo and 5d°6s® for Ta. Ultra-
soft pseudopotentials are used for calculating the structural
and electronic properties, whereas the norm-conserving pseu-
dopotentials developed by the Fritz Haber Institute (FHI) are
employed for optical property calculations.?

Note that the GGA functional is generally more reliable to
calculate the thermodynamics and elastic properties.*?
However, the GGA functional tends to underestimate the
bandgap energy, making it potentially insufficient for accu-
rately calculating the electronic bandgap energy of semi-
conductors, especially in cases involving elemental doping.**
To make the theoretical calculations more reliable and closer
to the experimental results as much as possible we employed a
GGA+U method in this study. In the GGA+U method, an on-
site Coulomb interaction is added to the selected orbitals. Due
to the Coulomb energy added to the selected orbitals an
upshift is observed in the conduction band (CB), while the
occupied state energy remains the same. The GGA+U method
is applied to correctly describe the bandgap structure of bare
and Mo-doped Ta;Ns. Details of the Hubbard parameter are
provided in the ESL.{**7® The accuracy of the GGA+U method
is determined by parameter u. In our calculation, u values are
set at 0.1 and 0.2. Using the u value 0.2, the calculated
bandgap of bare Ta;Ns (2 €V) is in good agreement with experi-
mental bandgap (2.1 eV) results.
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2.2 Formation energy calculation method

The formation energy (E¢) is defined as:

Ef = Epefect — Epure + Hhost — Hx (1)

where Epefece and Ep,re are the total energies of the Ta;N5 unit
cell with and without defects, respectively. ynos and u, are the
chemical potentials of the substituted species and dopant
atom, respectively. Eqn (1) indicates that a more negative for-
mation energy results in more favorable elemental doping.>*

2.3 Theoretical results and
discussion

2.3.1 Structural properties. The compound TazN5 pos-
sesses an orthorhombic crystal structure characterized by the
space group CmCm. Its conventional unit cell contains 32
atoms, in total. In this structure, each tantalum (Ta) atom is
coordinated with six nitrogen (N) atoms, while each nitrogen
atom interacts with three to four tantalum atoms (see Fig. 1).
Initially, both the bare and molybdenum (Mo) doped Ta;Nj
were optimized using the generalized gradient approximation
(GGA) and GGA+U functionals. In the bare Ta;Ns, the calcu-
lated Ta-N bond lengths along the three crystallographic axes
(x, y, and z) are measured at 2.95 A, 1.97 A, and 2.04 A, respect-
ively. Following Mo doping at the Ta site with the highest x
coordinate, the corresponding Ta (Mo)-N bond lengths along
the x, y, and z directions were reduced to 2.03 A, 1.86 A, and
2.01 A, respectively. These variations in bond lengths can be
attributed to the difference in electronegativity between Ta
(1.5) and Mo (2.16). Comparative analyses of the lattice con-
stants for both bare and Mo-doped Ta;N; are depicted in
Fig. S1 and S2,} revealing minimal changes post-Mo doping,
as summarized in Table 1.>° The slight variation can be
explained by the similar ionic radii of Ta (64 A) and Mo (65 A).
Notably, the GGA+U functional did not significantly alter the
bond lengths or lattice constants, as the u parameter value was
maintained at a relatively low level (refer to Table S27).

Fig. 1 The crystal structure of (A) TasNs and (B) Mo-doped TazNs. The
semiconductor has an orthorhombic crystal structure with space group
CmCm. The Mo, N and Ta atoms are shown as red, blue and green
spheres, respectively.
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Table 1 Calculated lattice parameters of bare and Mo-doped TazNs,
obtained by using GGA and GGA+U functionals

This work
This work (Mo-doped
(bare Ta3Ns5) TazN;) Previous
Lattice work

parameters GGA GGA+U GGA GGA+U (bare TazN;) Ref.

o

a(A) 3.88 3.88  3.89 3.89  3.89 39
b (A) 10.26 10.27  10.27 10.28  10.26 31
c(A) 10.30 10.31  10.31 10.31  10.31 40 and 31
a(©) 90.0 90.0  90.0 90.0  90.0 41
£ 90.0 90.0  90.0 90.0  90.0 42
7 (©) 90.0 90.0  90.0 90.0  90.0 42 and 31

2.3.2 Electronic structures. We conducted GGA and GGA+U
calculations using optimized geometries. As shown in Fig. 2
(A), bare TazN5 is an indirect bandgap semiconductor. The
valence band maximum (VBM) is between the Z and R points
of the Brillouin zone, and the conduction band minimum is at
the R point of the Brillouin zone. Fig. 2(A) also displays pro-
jected densities of states (PDOS) of bare Ta;N; indicating that
the conduction band (CB) is primarily composed of Ta 5d orbi-
tals, while N 2p orbitals dominate the valence band (VB). For
bare Ta;Ns, the calculated bandgap with GGA is 1.32 eV. These
results show good agreement with previous literature.*>** Due
to the unoccupied d-orbitals of Ta and Mo, partial substitution
of Ta by Mo in Ta;N; causes the hybridization of Ta 5d and
Mo 4d, which results in more delocalized orbitals in the CB
which can be clearly seen in the PDOS in Fig. 2(B). These delo-
calized orbitals in the CB may contribute to enhanced light
absorption. Substitutional doping of Mo in Ta;N; not only
reduced the bandgap energy but also changed the nature of
the bandgap from indirect to direct. In band structure calcu-
lations, a material is classified as a direct bandgap semi-
conductor if the conduction band minimum (CBM) and
valence band maximum (VBM) are located at the same wave
vector (k-point). Conversely, if they appear at different wave
vectors, the material is considered an indirect bandgap semi-
conductor. In the present case, Mo doping in Ta;N; induces a
transformation in the band structure, shifting the material
from an indirect to a direct bandgap semiconductor. The cal-
culated bandgap for Mo-doped Ta;Ns with GGA is 0.94 eV at
the I" point (Fig. 2(B)). The DFT study reveals that Mo doping
created some extra energy states near the conduction band,
which may enhance the n-type conductivity of the CB and lead
to enhanced light absorption.

The band structure and partial density of states (PDOS) for
both bare and Mo-doped Ta;Ns, calculated using the GGA+U
method, are illustrated in Fig. 2(C) and (D). The results indi-
cate that bare Ta;N5; behaves as an indirect bandgap semi-
conductor, with the conduction band minimum (CBM) and
valence band maximum (VBM) positioned at the R and T’
points of the Brillouin zone. This finding is consistent with
previous experimental and theoretical studies, confirming the
indirect bandgap nature of bare Ta;N;.'*** Meanwhile, Mo-
doped TazNs exhibits direct band conduction. The introduc-

This journal is © The Royal Society of Chemistry 2025
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Fig. 2 GGA-calculated bandgap and projected density of states (PDOS) for (A) bare TazNs and (B) Mo-doped TazNs. GGA+U-calculated bandgap

and PDOS for (C) bare TazNs and (D) Mo-doped TazNs.

tion of the Hubbard U parameter alters the potential profile of
the unit cell, resulting in an increased bandgap energy com-
pared to the GGA calculations. Specifically, the calculated
indirect bandgap energies are 1.87 eV for u = 0.1 (Fig. S31) and
1.98 eV for u = 0.2 (Fig. 2(C)). This increase is attributed to the
Coulomb interaction, which localizes electrons in the d and f
orbitals. As these localized states, which are situated near the
Fermi energy in the bandgap, are pushed further away by the
introduction of the Hubbard U parameter, the bandgap energy
subsequently rises.*> In contrast, Mo doping results in a
reduced bandgap energy of 1.16 eV, as depicted in Fig. 2(D).
The presence of additional energy states from the Mo 4d orbi-
tals (Fig. 2(D)(d)) near the conduction band mitigates charge
recombination by decreasing deep traps often associated with
nitrogen vacancies (Vy) and reduced Ta*' species. By trapping
the CB electrons, Wang et al. theoretically demonstrated that
they could convert Oy, single positive charge states and O

Kk

N
triple positive charge states in TazNs into O neutral charge

states and Oy, single positive charge states.*>*” Therefore, Mo
doping will make it possible for the charge carrier to move to
the semiconductor’s surface instead of going to the trapping
states, where it may result in enhanced charge carrier mobility
and PEC water-splitting performances. The theoretically calcu-
lated bandgap and formation energy are shown in Table 2.
2.3.3 Optical properties. The methodology for extracting
optical properties from the dielectric function is well-docu-
mented in the literature.*® Regarding the electronic properties,
the calculated bandgap energy for pristine and Mo-doped Ta;N5
using u = 0.2 is in close agreement with experimental values.

This journal is © The Royal Society of Chemistry 2025

Table 2 The calculated bandgap and lattice constants of bare and Mo-
doped Ta

u Sample Band gap Eform (€V per unit cell)
0.1 TazN; 1.87 —-9.90
0.1 Mo-Ta;N; 1.06 -8.96
0.2 TazN; 1.98 -9.30
0.2 Mo-Ta;N; 1.16 -8.86

Accordingly, all optical properties were computed using the
GGA+U approach with u = 0.2. Fig. 3(a) and (b) depict the calcu-
lated imaginary part of the dielectric function &,(w) for bare and
Mo-doped Ta;N;5 as a function of photon energy. &,(w) exhibits a
sharp increase at the bandgap energy, followed by a peak as the
photon energy rises. Using GGA, the maximum é&,(w) values
were observed at approximately 2.0 eV for bare Ta;N5 and 1.0 eV
for Mo-doped Ta;Ns. After applying the U correction, these tran-
sitions shifted to 2.50 eV and 1.47 eV, respectively. These tran-
sitions correspond to electronic excitations from N 2p states to
Ta 5d states in bare Taz;Ns, and from N 2p to Ta 5d + Mo 4d
states in Mo-doped Taz;Ns. Our findings align well with previous
studies by A. H. Reshak et al,*® who reported peaks in &,(w)
near 2.9 eV and 2.6 €V. A comparison of the threshold energies
with the electronic bandgap values (Table S47) reveals excellent
agreement between the electronic and optical bandgaps for
both bare and Mo-doped Ta;Ns.

The peak positions in &,(w) are indicated in Fig. 3(b), with
bare Taz;Nj5 at 2.50 eV (red dotted line) and Mo-doped TasNj5 at

Nanoscale, 2025,17,12172-12186 | 12175
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Fig. 3 (a) The imaginary part of the dielectric function for bare and Mo-doped TazNs, calculated using GGA. (b) The imaginary part of the dielectric
function for bare and Mo-doped TazNs, obtained from GGA+U calculations. (c) The real part of the dielectric function for bare and Mo-doped
TazNs, computed using GGA. (d) The real part of the dielectric function for bare and Mo-doped TazNs, calculated with GGA+U (u = 0.2).

1.47 eV (blue dotted line) under the GGA+U framework. This
downward shift in energy for Mo-doped TazNs signifies
enhanced photon absorption in the visible spectrum due to
doping. Additionally, the imaginary part of the dielectric func-
tion closely corresponds to the absorption coefficient, as shown
in Fig. S4.f Mo doping increases the absorption spectrum by
approximately 30% in the low-energy range, slightly outperform-
ing bare Ta;Ns. This enhancement is consistent with the trend
observed in the spectra of &,(w) (Fig. 3(a) and (b)).

Fig. 3(c) and (d) present the real part of the dielectric func-
tion (e1(w)) for bare and Mo-doped Taz;Ns as a function of
photon energy, calculated using both GGA and GGA+U func-
tionals. The real part of the dielectric function provides
insight into the material’s polarization response under electro-
magnetic radiation. By analyzing e;(w), the static dielectric
constant, corresponding to zero frequency (w — 0), can be
determined. The calculated static dielectric constants are sum-
marized in Table S4.1 For bare Ta;Ns, the static dielectric con-
stant derived using GGA+U aligns well with values reported in
previous literature.*® For Mo-doped Ta;Ns, no prior studies are
available for direct comparison. Furthermore, the polarization
peaks observed in Fig. 3 reveal pronounced anisotropy in the
dielectric response of both bare and Mo-doped Ta;Ns. This an-
isotropy underscores the complex interactions between the
electronic structure and electromagnetic fields, particularly in
the doped system.

The zero-frequency reflectivity of bare and Mo-doped TazNs,
calculated using the GGA approximation, are 27% and 21%,

12176 | Nanoscale, 2025,17,12172-12186

respectively, as shown in Fig. 4(a). For bare TazNs, the
maximum reflectivity reaches 60% at 4 eV, whereas for Mo-
doped TazNs, it is 37% at 1.02 eV. These values are higher than
those reported in previous literature, which is likely due to the
GGA approximation, which tends to overestimate optical pro-
perties. When using the GGA+U method, the calculated zero-
frequency reflectivity values for bare and Mo-doped Ta;Nj;
decrease to 21% and 16%, respectively (Fig. 4(b)). Additionally,
the reflectivity at the optical bandgap was calculated for both
bare and Mo-doped TazNs. For bare Ta;Ns, the reflectivity is
35%, in excellent agreement with previously reported values.*®
In contrast, Mo doping reduces the reflectivity to 29% at the
optical bandgap. This reduction in reflectivity upon Mo
doping suggests enhanced light absorption in the visible
region, which can be linked to the modified electronic
structure.

Fig. 4(c) and (d) show the refractive indices of bare and Mo-
doped TazN5 as a function of photon energy, calculated using
GGA and GGA+U methods. The higher electron density
increases the probability of photon-electron interaction. The
GGA-calculated static refractive index 7(0) for bare TazNj is
3.41, slightly higher than the previously reported value of 3.23.
For Mo-doped TazNs, the GGA-calculated static refractive index
is 3.75, with no prior literature available for comparison. This
increase in the static refractive index value is attributed to the
donor behavior of Mo. The GGA+U-calculated static refractive
indices for bare and Mo-doped TazNs are 2.51 and 2.89
(Fig. 4(d)), respectively. The reported value for bare TazNs

This journal is © The Royal Society of Chemistry 2025
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Fig. 4 Reflectivity of bare and Mo-doped TasNs calculated using (a) GGA and (b) GGA+U. Refractive index of bare and Mo-doped TazNs computed

using (c) GGA and (d) GGA+U with u = 0.2 eV.

using GGA+U is 2.65. The refractive index follows a typical
trend: it increases with photon energy, peaks, and then
declines, consistent with the optical properties discussed
earlier. The findings presented by the DFT calculations indi-
cate that Mo is an excellent dopant for tailoring the absorption
properties and bandgap characteristics of Ta;Ns.

3. Experimental
3.1 Mo-doped Ta;N; nanotube preparation

Tantalum foils (10 mm x 10 mm x 0.25 mm, Alfa Aesar, purity
99.95%) were prepared by mechanical polishing with sand-
paper ranging from 400 to 1200 grit to achieve a mirror-like
finish. The foils were then cleaned by sequential ultra-
sonication in acetone, ethanol, isopropanol, and deionized
water, each for 30 min, and dried with nitrogen before
anodization.

Anodization was conducted in a two-electrode setup with
the Ta foil as the anode and a copper disc as the cathode,
spaced 1 cm apart. The electrolyte consisted of H,SO,, 1% HF,
and 4% H,O. A constant voltage of 50 V was applied for
20 min at 10 °C. After anodization, the samples were rinsed
with deionized water and dried with nitrogen.

To prepare Mo-doped Ta,Os, sodium molybdate (Na,MoO,)
solutions of 0.1, 0.3, and 0.5 M were prepared, with Ta,Os foils
placed in an autoclave with the solution and heated to 180 °C
for 12 h. The samples were then dried at 80 °C for 6 h. Mo-
doped Ta;Ns nanotubes (NTs) were synthesized through

This journal is © The Royal Society of Chemistry 2025

ammonolysis at 900 °C for 3 h with a 125 sccm ammonia flow
in a horizontal quartz tube furnace, with heating and cooling
rates of 10 °C min~".>> Samples were then cooled under con-
stant ammonia flow, washed with deionized water, and dried.

For photoelectrochemical (PEC) testing, both bare and Mo-
doped Ta;N; samples (denoted MTN-X, where X = 0.1, 0.3, and
0.5 M) had their rear surfaces polished to expose the conduc-
tive Ta substrate to copper wire. Copper wire was attached to
this surface with silver epoxy, and the samples were sealed
with non-conductive epoxy, leaving the test area exposed.

3.2 Co-catalyst modification

The surfaces of both bare and Mo-doped Taz;N; were enhanced
through co-catalyst modification to improve hole transfer in
photoelectrochemical (PEC) applications. Co(OH), was used as
an oxygen evolution co-catalyst. To prepare this co-catalyst, a
solution containing 0.1 M Co(NOj3), and 0.1 M NaOH was
stirred for 1 h to ensure homogeneity. Next, the bare and Mo-
doped Ta;N5 samples were immersed in the prepared solution
for 1 h, then thoroughly rinsed with deionized water and air-
dried. After modification, the samples were designated as
follows: Ta;N; with co-catalyst as TazNs-Co, and Mo-doped
TazN; with co-catalyst as MTN-X-Co, where X represents the
Mo concentration (0.1, 0.3, or 0.5 M). These samples were then
subjected to PEC testing.

3.3 Structural characterization

The crystal structures of all bare and Mo-doped Ta;Ns NTs
were investigated with a Bruker D8 Advance X-ray diffract-
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ometer with Cu Ka radiation (4 = 1.54 A) at 40 kV and 40 mA.
Grazing incidence X-ray diffraction was carried out at a fixed
incident angle of @ = 0.2°, with a 26 range from 5° to 75° and a
0.01° step size, and the measuring time per step was 2 s. The
surface morphology and elemental distribution were examined
using a Zeiss EVO 50 scanning electron microscope (SEM)
equipped with energy dispersive X-ray spectroscopy (EDX)
equipment, operating at 10 kV. To investigate the chemical fin-
gerprint of bare and Mo-doped Taz;N5, Raman spectroscopy
was performed by using a HORIBA confocal Raman micro-
scope. The nanotubular morphology was examined using a
JEOL JEM-1400 flash transmission electron microscope (TEM),
operating at 120 kV. The samples were dispersed in isopropyl
alcohol and sonicated for 10 min. The solution was then
dropped onto a copper grid covered with a holey carbon mem-
brane for TEM observation. X-ray photoelectron spectroscopy
(XPS) was performed to analyze the surface chemical states of
all samples by using an Omicron-SPHERA station with an Al-
Ka X-ray source. The XPS data was analysed using the CasaXPS
software. The C 1s peak associated with adventitious carbon
was anchored at 284.6 eV to establish and calibrate the
binding energy scale. The measurements of the samples were
conducted without adhering to a specific systematic order; all
samples were measured consecutively. Additionally, there was
no evidence of sample charging observed during the measure-
ment process. The UV-Vis diffuse reflectance spectra of TazNs
samples were recorded by using the CARY 5000 spectrophoto-
meter. The bandgaps of all Ta;Ns samples were calculated by
converting the spectra Tauc plots by using the following
equation:

ahw = A(hw — Eg)% (2)

where « is the absorption coefficient, 4 is the Planck constant,
v is the incident light frequency, A is a constant and E, is the
energy of the bandgap. According to the above eqn (2), the
bandgap of the material, either bare or doped Ta;Ns, can be
calculated easily by drawing a tangent line to the light absorp-
tion position and to the high absorption background through
fitting (ahv)” vs. hu.

3.4 Photoelectrochemical measurement characterization

PEC measurements were conducted utilizing the Gamry
Interface 1000 potentiostat, which incorporates a three-elec-
trode configuration cell. The testing electrolyte employed for
these measurements was a 1 mol L™ KOH solution. In the
PEC cell the Ta;N;5 photoanode was used as a working elec-
trode, Ag/AgCl as a reference electrode, and Pt foil as a counter
electrode. The measured potentials versus a Ag/AgCl reference
electrode were converted to the reversible hydrogen electrode
(RHE) scale by using the following equation:*°

Vire = Viig/agal T Vag/agal +0.0592 x pH (3)

Throughout the PEC experiment, a 300 W xenon lamp
served as the light source for conducting photocurrent-voltage
measurements on the working electrode. Before each PEC test,
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the AM 1.5G filter was used to filter the polychromatic light
and the light intensity was adjusted to 100 mW cm™> (1 sun)
by using a silicon diode. Before measuring the samples, the
electrolyte was purged with Ar gas for 30 min. Linear sweep
voltammetry (LSV) curves were obtained with a five-second
manually chopped light-on and light-off cycle, employing a
scan rate of 10 mV s~ '. Incident photon-to-current efficiency
(IPCE) measurements were performed using a Keithley 2400
source measure unit, a xenon lamp (300 W) with an AM 1.5
filter and a Cornerstone Oriel monochromator, at 1.23 V vs.
RHE. Electrochemical impedance spectroscopy (EIS) was per-
formed over a frequency range of 10° to 0.1 Hz with a 10 mV
amplitude at 1.23 Vryg.

4. Results and discussion
4.1 Mo-doped Ta;N; electrode characterization

Fig. 5(a) shows a schematic diagram of the synthesis procedure
of pure and Mo-doped Ta;N; on a Ta substrate. Ta was ano-
dized to form Ta,0s nanotubes and then Mo was incorporated
hydrothermally prior to the nitridation process. Fig. S5(a and
b)t shows the surface and cross-sectional scanning electron
microscopy (SEM) images showcasing the as-anodized Ta,Os
nanotubes (NTs). Anodization facilitated the formation of
robust Ta,O5 NTs, with growth controllable via adjustments in
temperature and electrolyte composition.>! The utilization of a
relatively low electrolyte temperature led to strong adherence
of the Ta,Os; NTs to the substrate. Moreover, to ensure
mechanical stability, a low HF concentration, i.e. 1 vol%, was
maintained. The average length and external diameter of the
NTs measured were 2.1 pm and 160 nm, respectively. These
findings align well with previous literature reports.”*

To elucidate the influence of Mo on the morphology of the
Taz;Ns5 nanotubes, we acquired top-view SEM images of the pre-
pared samples and compared them with findings from the pre-
vious literature. In Fig. S5(c),} it is evident that the bare Ta;N5
nanotubes (NTs) exhibit an irregular surface, closely resem-
bling the surface of Ta,Os NTs. This observation suggests that
the high-temperature nitridation process does not alter the
morphology of the nanotubes, consistent with findings from
previous literature.”® The Mo-doped Ta;N; nanotubes (NTs)
are presented in Fig. S5(d-f)} for comparison. The SEM
images of Ta;Nj; reveal a polycrystalline surface with irregularly
oriented agglomerates. The surface exhibits moderate porosity,
likely improving light absorption and providing active sites for
photocatalytic reactions. Clear grain boundaries are visible,
which might influence the charge carriers.

Fig. 5(b-e) illustrate the cross-section SEM images of bare
and Mo-doped Ta;N5 NTs prepared by nitration of Ta,O5 and
Mo-Ta,0s5 at 900 °C for 3 h. After nitration, a shrinkage in the
NTs was observed as the measured average length of the NTs
was decreased to ~1.5 pm. This shrinkage in the NTs is
because of the replacement of N in place of O to maintain the
charge conservation.®® It can also be understood from the
valence electron differences between O®” and N°T that

This journal is © The Royal Society of Chemistry 2025
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Fig. 5 (a) Schematic diagram of the synthesis process of Mo-doped TaszNs NTs (MTNs). Top-view SEM images of (b) TaszNs, (c) MTN-0.1, (d)
MTN-0.3 and (e) MTN-0.5. The red dashed line highlights the boundary between the Ta substrate and nitride layer. Transmission electron

microscopy (TEM) images of (f), (g) TazNs, and (h), (i) MTN-0.1 NTs.

changed the coordination number. The decrease in the coordi-
nation number led to a change in the crystal structure and
shrinkage of the NTs.”®> The measured average length of the
nanotubes remained ~1.5 pm for Mo-doped Ta;Ns, the same
as that for bare Taz;Ns. Fig. 5(f and g) show the TEM images of
pure TazN; NTs, while Fig. 5(h and i) show MTN-0.1 NTs. The
images clearly confirm that both the pure and Mo-doped
samples retain their NT-like structures.

To illustrate the homogeneous distribution of Ta, O, N, and
Mo elements within the MTN-X NTs, plan view elemental
mapping obtained through EDX is presented in Fig. S61 (0.1 M
Mo). It is evident that with an increase in dopant (Mo) concen-
tration, the weight percentage of Mo detected by EDX also
increases, as demonstrated in Table S5.}

To investigate the crystal structure of the synthesized nano-
tubes, grazing incidence X-ray diffraction (GI-XRD) was per-
formed, as shown in Fig. 6. The GI-XRD analysis reveals that
nitridation of Ta,05 at 900 °C induces a complete transform-
ation of its crystal structure from orthorhombic Ta,Os to ortho-
rhombic TazN;.>* Peaks at 26 ~24.5°, 35°, and 36° correspond
to the Miller indices [110], [130], and [113] for TasNs, respect-
ively. Furthermore, with varying Mo content in Ta;Ns, no
additional peaks or peak shifts are observed indicating the
successful synthesis of orthorhombic TazNs NTs with a similar
lattice constant and crystallinity. The preservation noted in the
lattice parameters of the unit cell observed in this study can be
attributed to the similarity in the ionic radii of Mo*" and
Ta®>".>® The structural compatibility arising from this similarity

This journal is © The Royal Society of Chemistry 2025
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Fig. 6 GI-XRD patterns of bare TazNs and Mo-doped TazNs. The stan-
dard is also included.
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in ionic radii suggests the feasibility of structural doping with
Mor,. The experimental lattice constants obtained from XRD
analyses are in good agreement with their theoretical values
(Table S37). Despite utilizing grazing angle XRD to minimize
substrate contributions, signals from Ta,N were observed at 26
~61°, attributed to its formation at the interface of the Ta sub-
strate and the base of Ta,Os nanotubes during nitridation.>®
This metallic phase has been identified as a significant elec-
tron transfer facilitator in existing literature.>®>°

In Fig. 7(a), the absorption spectra of both bare Ta;Ns and
MTN, are depicted. The corresponding absorption edges
(bandgaps) for all samples can be found in Table S6.1 The
absorption edges correspond to electronic transitions from
nitrogen (N) 2p orbitals, which predominantly constitute the
valence band, to tantalum (Ta) 5d orbitals that make up the
conduction band. Although the observed changes in bandgap
were not as pronounced, it is noteworthy that the Mo-doped
samples exhibited a decrease in absorption tail at higher wave-
lengths above the bandgap. This decrease implies the suppres-
sion of reduced Ta species, a phenomenon frequently docu-
mented in the literature.”>** Additionally, the experimental
transformation of Ta,Os into TazNs through nitridation does
not entirely eliminate the presence of 3-coordinated lattice O,
which significantly influences the crystal structure and optical
properties of the synthesized Ta;N5.”®>” The bandgap of all
samples was calculated using the Tauc plot as given in
Table S6.7 X. Zou et al. reported Zr doping in Taz;Ns, which dis-
played a similar trend in bandgap behaviour.**

The phase composition and microstructure of bare Taz;N5
and MTN, were analyzed through Raman spectroscopy, as
depicted in Fig. 8(a). The Raman spectra for all samples show-
cased a high degree of similarity, with no additional peaks
detected, aligning well with the GI-XRD findings. The charac-
teristic Raman spectra displayed frequencies at approximately
271 em™ + 2 em™, 405 em™ + 2 em™?, 526 em™! + 2 em™,
and 599 cm™" + 2 cm™', which are attributed to Ag vibration
modes, while frequencies at around 496 cm™ + 2 cm™,
748 em™' + 2 em™, and 824 em™' + 2 em ™! correspond to By
vibration modes.>® These observations are consistent with pre-
viously reported research on TazNs.”° Notably, the Raman

(a)
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Fig. 8 (a) Raman scattering spectra of bare TazNs and MTN, samples;
(b) the main Ay mode peak for bare TazNs and MTN, samples.

1 1

bands at 271 em ™" + 2 em™ ' and 404.5 cm " + 2 cm™! are
associated with the bending vibrations of Ta-N-Ta, distinctly
identifying the orthorhombic crystal structure of TazNs.*°
Intriguingly, Mo doping of Ta;Nj5 resulted in a noticeable shift
in the A, mode peak (Fig. 8(b)). Specifically, for the MTN-0.1
sample, the full width at half maximum (FWHM) of the Ag
mode located at 271 cm™" is narrowed, with the peak position
exhibiting a clear red shift, a trend similarly observed in the
MTN-0.3 sample. However, as the Mo concentration continues
to increase, the trend observed in the prominent Ag mode
begins to reverse. This change suggests that at higher Mo
levels, additional structural disorder is introduced into the
Ta;N; crystal lattice. These alterations imply that a high con-
centration of Mo disrupts the lattice stability, potentially
affecting the material’s overall properties.

The surface chemistry of bare and Mo-doped Ta;Ns was
studied by XPS. The survey spectra (Fig. S10(a)t) collected for
MTN,, TazNs, and Ta,Os (before nitridation) support the suc-

(b)

Absorbance (a.u.)

500 600 700 800
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Fig. 7 UV-visible absorption spectra and (b) Tauc plots of bare TasNs and
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cessful nitridation, reflected by the increase of the N 1s peak
and the decrease of the O 1s peak intensities. Despite the
decrease in the O 1s intensity, the considerable amount of
remaining O reinforces the incomplete removal of lattice O, a
phenomenon frequently observed in previous literature.”” The
deconvolution of the O 1s peak (Fig. S10(B)f) indicated that
some of the O surface species in bare and doped samples is in
a TaO,N, chemical environment.>*" The Ta 4f doublet was
deconvoluted (Fig. 9(A)), assuming two chemical environments
for Ta species. These components are attributed to TazNs
(lower-energy  doublet) and TaO,N, (higher energy
doublet).’”%»% Ta 4f,/, and Ta 4fs/, peaks of MTN-0.1,
MTN-0.3, and MTN-0.5 exhibit shifts and distinct spectral fea-
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tures compared to bare TazNs. Upon doping with increasing
amounts of Mo, progressive shifts toward higher BE were
observed. These shifts reflect the changes in the local environ-
ment around Ta atoms (replacement of Ta by Mo) and in their
electronic structure (enhanced electron density around Ta
species). The differences between the electronic structures of
Ta in bare and doped samples were evaluated by subtracting
the TazN;5 spectrum from the MTN-0.5 spectrum (Fig. 9(B)).
The difference spectrum reveals two negative peaks at the
lower BE regions (for pure Ta;N5) and two positive peaks at the
higher BE regions (for pure Mo-doped Ta;Ns). These results
indicate that pure Ta;N;5 exhibits reduced Ta species observed
at lower binding energies (BE). Upon Mo doping, these low-BE
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Fig. 9 XPS core level spectra of Ta and Mo: (A) representation of Ta 4f; (B) the spectrum difference between pure TazNs and Mo-doped TazNs with
the residual higher and lower BE energy peaks. The difference was extracted by subtracting TazNs data from MNT-0.5 data, after correction and nor-
malization. Deconvoluted (C) Ta 4d and Mo 3d peaks and (D) N 1s, Ta 4p and Mo 3p PS spectra.
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states are suppressed, evidenced by the positive BE peaks
observed in the doped samples. This positive energy shift for
Mo-doped Ta;zNs is attributed to the hybridization of Mo, Ta,
and N valence orbitals, leading to an abundance of higher
valence states. The introduction of donor levels by Mo doping
reduces the prevalence of lower-energy states, thereby minimiz-
ing recombination centers and significantly improving charge
carrier mobility. The introduction of Mo*" stabilizes the elec-
tronic environment and balances the electronic structure by
compensating for intrinsic defects, while creating favorable
donor levels. These results agree with theoretical findings as
shown in Fig. 2. The high-resolution spectra collected in the
250-220 eV range (Ta 4d and Mo 3d overlapped regions) and
in the 412-392 eV range (Ta 4p;/,, Mo 3p and N 1s) confirmed
the successful Mo incorporation into Ta;Ns. However, the over-
lapping of Mo with Ta peaks (Fig. 9(C) and (D)) makes it
difficult to extract reliable quantitative insights. The ratios of
the peaks extracted from the deconvolution of the spectra are
summarized in Table S7 (ESI{).

5. Water oxidation performance of
bare TazNs and MTN-X photoanodes
with and without co-catalyst

Fig. 10(a) and (b) show the photoelectrochemical (PEC) per-
formance of bare Taz;N5 and MTN-X samples, without and with
Co(OH), co-catalyst modification, respectively, as measured by

(b)
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linear sweep voltammetry (LSV). All LSV tests were conducted
in a 1 M KOH electrolyte (pH 13.6) within a three-electrode
PEC cell, under chopped AM 1.5G simulated sunlight illumina-
tion. This intermittent light exposure revealed transient photo-
current spikes attributed to hole accumulation at the elec-
trode-electrolyte interface. Without co-catalyst loading, both
bare Ta;Ns and MTN-X samples displayed relatively low photo-
current densities, limited by significant electron-hole recombi-
nation and stability issues under illumination. The recorded
current densities at 1.23 Vgyyg for TazNs;, MTN-0.1, MTN-0.3,
and MTN-0.5 were 0.78 mA cm ™2, 2 mA cm ™2, 1 mA cm ™2, and
0.8 mA cm >, respectively (Fig. 10(a)).

Notably, the Co(OH), surface modification enhanced photo-
current densities for both bare and Mo-doped samples, as
illustrated in Fig. 10(b). For bare Ta;N5; with co-catalyst, the
photocurrent density reached 0.86 mA em™ at 1.23 Vgug,
while MTN-0.1-Co achieved the highest photocurrent, peaking
at 3.7 mA cm > at the same potential, which is also higher
than values reported in the previous literature.'>*®%*%* This
substantial increase in photocurrent density with Mo doping
is attributed to improved light absorption, charge separation,
charge transfer, and reaction kinetics. However, further
increasing the Mo content beyond 0.1 M resulted in decreased
current densities, likely due to scattering from impurities or
defect formation from excess Mo. A detailed summary of the
PEC results is provided in Tables 3 and 4.

The onset potentials, identified as the points at which the
photocurrent density reached 0.2 mA cm™, are depicted in
Fig. 10(c) and (d), with further details in Tables 3 and 4. For
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Fig. 10 LSV curves of pure TazNs and MTN-X (a) without and (b) with the addition of co-catalyst under dark and chopped conditions.
Representations of the onset potential of pure and Mo-doped TazNs with (c) and without (d) co-catalyst. (e) IPCE at 1.23 Vrpe. (f) Time course
photocurrent density curve of MTN-0.1 in 1 M KOH aqueous solution (pH 13.6) under AM 1.5G simulated sunlight illumination at 1.23 Vgye. (9)
Nyquist plots of TazNs, MTN-0.1, MTN-0.3 and MTN-0.5. (h) Energy level diagram of pure and Mo-doped TazNs.
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Table 3 Water oxidation activity of bare TasNs and MTN-X without co-
catalyst

Ta;Ns MTN-0.1 MTN-0.3 MTN-0.5
Jat 1.23 Vg (MAcem™)  0.78 2 1 0.8

J at 1.54 Vgyg (MA cm?) 1.16 3 1.78 1.43
Onset potential (Vgug) 0.94 0.73 0.83 0.86

Table 4 Water oxidation activity of bare TazNs and MTN-X with co-
catalyst

TazN;-Co MTN-0.1-Co MTN-0.3-Co MTN-0.5-Co

Jat1.23 Vege  0.86 3.7 1.30 1
(mA cm™)

Jat1.54 Vegs 156 6.1 3.8 2.9
(mA cm™)

Onset potential 0.72 0.57 0.62 0.66
(VRHE)

bare Ta;Ns, the onset potential was determined to be 0.94
Vgrue (Fig. 10(a)). Mo-doped samples, MTN-0.1, MTN-0.3, and
MTN-0.5, exhibited onset potentials of 0.73 Vyyg, 0.83 Vgryr,
and 0.86 Vpyg, respectively, indicating a cathodic shift due to
Mo incorporation, effectively reducing the onset potentials
compared to bare TazNs. This shift aligns with the photo-
current density results, where MTN-0.1 showed the highest
current density. Following co-catalyst (Co(OH),) (Fig. 10(d))
modification, MTN-0.1-Co demonstrated the lowest onset
potential at 0.57 Vgryg, highlighting the enhanced PEC per-
formance at this Mo concentration. These observations are
consistent with the literature, which reports a similar cathodic
shift in onset potential with Zr doping in Ta;Ns. This study
confirms that Mo doping in Ta;Ns is an effective strategy to
optimize surface defects and minimize electron-hole recombi-
nation, enhancing photocatalytic activity.”>*®®* After PEC
tests, XRD and UV-Vis analyses were performed (Fig. S8 and
S97). These results match well with those of the counterparts
(Fig. 6 and 7) showing that the materials do not exhibit any
phase change.

The bulk charge separation and surface charge transfer
efficiency were calculated based on established literature*®
as shown in Fig. S9.1 Compared to pure Ta;Ns, Mo doping sig-
nificantly enhances both bulk and surface charge separation
efficiencies (Fig. S9(a) and (b)}). The bulk charge separation
efficiency at 1.23 Vgyg is 16.79% for pure TazNs, while for
MTN-0.1 it is 31.63%. The surface charge transfer is improved
by a factor of 3.55 as compared to the pure Ta;N5 sample.

To evaluate the photostability, tests were conducted for
MTN-0.1 under AM 1.5G irradiation at 1.23 Vgxyg, as shown in
Fig. 10(f). The results demonstrate that MTN-0.1 retained 64%
of its initial photocurrent after 60 min of continuous
irradiation. Thus, further efforts are required to improve its
stability.*>**°> To confirm the enhancement of PEC activity in
TazN5 through Mo doping, the incident photon-to-current
efficiency (IPCE) was measured as a function of photon wave-
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length at 1.23 Vg, as shown in Fig. 10(e). As one can observe,
the pristine Ta;N; electrode shows an IPCE of about 20%,°
and after Mo doping it was increased to ca. 28%. Furthermore,
these findings align well with the bulk charge separation
efficiency and surface charge transfer efficiency, as presented
in Fig. S11(a and b).3*°%%4

To investigate the interfacial charge transfer in pure and
Mo-doped Ta;Ns, electrochemical impedance spectroscopy
(EIS) measurements were performed. The Nyquist plots and
corresponding fitted results are shown in Fig. 10(g), confirm-
ing that the MTN-0.1 sample exhibits a significantly lower
charge transfer resistance (1400 Q) compared to that of pure
TazN; (3020 ), MTN-0.3 (1893 Q), and MTN-0.5 (2958 Q).
These results clearly indicate that MTN-0.1 possesses superior
interfacial charge transfer properties, contributing to its
enhanced PEC performance.

6. Conclusion

In this study, we theoretically and experimentally demon-
strated the doping of Mo into Ta;N;. Using GGA and GGA+U
functionals, we systematically calculated the electronic and
optical properties of bare and Mo-doped Ta;Ns. The stability of
Mo-doped Ta;N; was confirmed through formation energy cal-
culations. Importantly, the electronic band structure analysis
indicates a transition from an indirect to a direct bandgap
semiconductor upon Mo doping. The bandgap narrowing
observed is attributed to unoccupied Mo 4d states contributing
to the conduction band, as confirmed by PDOS analysis.
Additionally, theoretical calculations reveal a redshift in the
absorption spectrum toward lower energy, enhancing light
absorption in the visible range. The strong optical anisotropy
of both bare and Mo-doped Taz;N; was corroborated by the cal-
culated optical properties. An enhancement of the dielectric
properties was observed, and the dielectric constant increased
from 6.0 to 8.31 with Mo doping. The reflectivity at the optical
bandgap decreased from 35% to 29%, while the static refrac-
tive index increased from 2.52 to 2.89. These results highlight
the improved interaction of the material with electromagnetic
radiation due to Mo doping. Mo-doped Ta;N; photoanodes
were experimentally prepared by hydrothermally introducing
Mo dopants into Ta,Os nanotubes, followed by a subsequent
nitridation process. Comprehensive characterization using
XPS, EDX, and Raman spectroscopy confirmed the successful
incorporation of Mo into the TazNj; lattice. Structural, morpho-
logical, electrical, and optical analyses show that the Mo
dopant replaces Ta lattice sites, introducing donor states
below the conduction band. In line with the theoretical
results, XPS has also shown that Mo doping suppresses the for-
mation of reduced Ta species. Mo doping substantially
enhanced the PEC performance of TazN5; photoanodes. When
decorated with Co(OH), as a co-catalyst, the 0.1 M Mo-doped
Ta;N; served as the best-performing photoanode, delivering a
photocurrent density of 3.7 mA em™ at 1.23 Vgyg. This work
provides a solid foundation for future research into tailored
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