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Photocatalytic conversion of N, to green NHs has become extremely promising as an alternative to the
traditional Haber—Bosch process for a resilient future. In this context, developing noble metal-free
nanomaterials with highly efficient photocatalytic activity is highly demanding. Herein, oxygen vacancy-
rich disc-shaped BiOBr (BOBgy) has been synthesized, and a multivalent Fe—phytic acid complex has
been further coupled with it to form the final composite — BOBoy@Fe,. It is utilized for photocatalytic
NH=z production from N, and further compared with other controlled samples. Detailed structural and
elemental properties have been correlated with the intrinsic optoelectronic properties. The results
suggest that the coupling of the Fe complex acts synergistically with the oxygen vacancies (OVs), which
improve the visible light absorption, charge separation, and N, adsorption. It eventually elevates the
photocatalytic efficiency. The photocatalytic efficiency for the optimized samples reaches up to 385.5

UM geae T h7t with an AQE of 5.24%. It has been thoroughly supported by a series of computational
Received 27th August 2025 tudies. Quant hanical calculati loying the PBE-D method tilized t ide th
Accepted 13th November 2025 studies. Quantum mechanical calculations employing the -D method are utilized to provide the
crucial role of polyvalent Fe atoms and OVs on the surface of BOB for N, activation. Thermodynamic

DOI: 10.1039/d5ta06955¢ analysis further confirms that the N, reduction proceeds most favorably through the associative distal

rsc.li/materials-a pathway.

Introduction

Ammonia (NH;), one of the most important chemicals, is
extensively used as the main precursor for synthesizing fertil-
izers, drug molecules, polymers, and other value-added
chemicals/important chemical feedstocks in various chemical
industries.’” It is also noteworthy that NH; has huge potential
in renewable energy research as a completely carbon-free liquid
energy transporter, due to its higher H, content.” To date,
industries are using the traditional Haber-Bosch process to
prepare NH; for commercial purposes.> However, the tradi-
tional Haber-Bosch (HB) process needs extremely harsh
conditions to break the completely inert N, molecule, which
requires high energy and adversely affects the environment by
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releasing huge amounts of greenhouse gases.*” Furthermore,
this method needs highly pure H, gas to complete this nitrogen
reduction reaction, and the preparation of pure H, is another
challenging task.®* In general, this HB process consumes
approximately 1-2% of annual global energy and emits ~1.6%
of global CO, emissions, leading to energy and environmental
issues.” Therefore, developing an alternative approach for N,
fixation to NH; in a greener, renewable, sustainable, and cost-
effective way is extremely crucial and timely.

In this context, the photocatalytic N, reduction reaction is
gaining special attention due to its promising features.'>'" In
this reaction process, typically a semiconducting material acts
as a heterogeneous photocatalyst and can convert N, to NH;
from water in the presence of solar light as the sole energy
source.” For the first time in 1977, Schrauzer et al. reported
nitrogen fixation using rutile TiO, as a photocatalyst."® Several
recent reports have explained the potential applicability of
various metal/non-metal-based semiconducting nanomaterials
for photocatalytic N, activation.**®* However, the production
efficiency is still extremely low, mainly due to the lack of specific
active sites for N, adsorption.'® Additionally, the competitive
recombination processes decrease the free carrier migration
towards the specific active sites, resulting in the reduction of
photocatalytic efficiency.”* To overcome these challenges,
several strategies are commonly adopted that can improve the

This journal is © The Royal Society of Chemistry 2026
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overall performance of the photocatalysts, such as defect
designing, doping of metal/non-metal heteroatoms, construc-
tion of heterostructures, loading of co-catalysts, etc.*>'*>*>

In a similar context, two-dimensional (2D) semiconducting
nanomaterials have gained potential interest as photocatalysts
due to their intrinsic anisotropic features, controllable layered
structure, thickness-dependent optoelectronic properties,
exposed surface-active sites etc.?*>® 2D bismuth oxyhalide (BOX)
is one of the most promising materials in this regard. However,
out of all the BOX family members, 2D bismuth oxyhalide (BOB)
is the most promising material for photocatalysis due to its
strong visible light absorption and efficient stability with
respect to other halogen analogues.?>* Recently, 2D BOB and/or
BOB-based heterostructures have been explored quite substan-
tially as efficient photocatalysts for wastewater remediation,
H,0, production, CO, conversions to transportable solar fuels,
selective organic transformation, etc.>**** Furthermore, recent
reports also explored the potential applicability of BOB for
photocatalytic N, activation to green NH; by controlling the
band gap/band positions and oxygen vacancies (OVs).'"2%2329:36
In general, OVs in a photocatalyst specifically inhibit the
recombination of the photogenerated charges, which is useful
for the activation of surface-adsorbed molecules by
photocatalysis.**° In the same line, it is also noteworthy that
the natural nitrogen fixation process can be an inspiration for
designing photocatalysts, where the polyvalent metal centers of
the protein molecule play a crucial role as active sites.>*” Like-
wise, incorporation of a selective polyvalent single metal atom
into photocatalysts can efficiently boost the photocatalytic N,
activation."” In this regard, the polyvalent iron (Fe) atom is
a good choice of metal active sites due to its propensity to
chemisorb and activate the inert N, gas molecule.”*”

In this work, the multi-cationic [Fe(ur)/Fe(u)]-phytic acid
complex is attached on OV-rich BOB (BOBy), which has been
prepared utilizing phytic acid (PA) as a coordinating molecule.
Morphological and elemental features have been investigated
by detailed electron microscopy, XRD, and XPS studies. The
structural and elemental features have been further correlated
with basic optoelectronic properties. This is further supported
by electrochemical impedance spectroscopy and transient
photocurrent studies. It is noteworthy that the presence of both
OVs and polyvalent Fe atoms on BOB synergistically modifies
the surface and optoelectronic properties, resulting in
enhanced adsorption of N, molecules on homogeneously
dispersed active sites and eventually their photoreduction to
NH;. To supplement the experimental results, a detailed
computational study has been employed to gain an in-depth
understanding of the photocatalytic nitrogen reduction on
BOBoy@Fe,. Our computed results show that the presence of
the Fe atom along with OV formation effectively modulates the
electronic properties of BOB, resulting in superior N, activation
and enhanced photocatalytic NH; generation. Thermodynamic
analysis further confirms that the nitrogen reduction proceeds
most favorably through the associative distal pathway on the
BOBoy@Fe, system. Additionally, Fe provides additional active
sites to enhance the N, activation capacity towards reduction
reactions and enhance the overall catalytic performance of
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BOBoy@Fe,, which is in accordance with the experimental
observation.

Results and discussion

OVs-rich and Fe(m)/Fe(u)-complex anchored BOB material, i.e.,
BOBoy@Fe,, was synthesized by the in situ growth of BOB in the
presence of the Fe-phytic acid complex (Fe-PA) through a facile
solvothermal approach. Here, PA has the roles of coordinating
multi-valent metal cations and serving as a molecular bridge
with the BOB substrate material.*** This specific methodology
will be beneficial for obtaining homogeneously distributed,
aggregation-free metal sites as active centers on the base pho-
tocatalyst. The detailed synthesis process is explained in the
Experimental section. First, Fe-PA was prepared by the tradi-
tional method of mixing PA and Fe(NO;); in a molar ratio of 1:
6. Herein, six Fe atoms were bound to the six phosphate groups
of one chelating PA molecule to form the Fe-PA complex.®
Afterwards, in the presence of Fe-PA powder (used amount (x) =
2, 3, 5, 7.5, 10 mg), BOBy was synthesized in situ to obtain the
final material (i.e., BOBoy@Fe,). Similarly, pristine BOBoy was
also prepared using the same synthesis route in the absence of
Fe-PA. Pure BiOBr without OVs (BOB) was obtained by calcining
the BOBoy in an open O, atmosphere.

The crystalline structure of the materials has been analyzed
by X-ray diffraction (XRD) studies. From the XRD patterns of
BOB and BOBov, the sharp intense peaks positioned at 11.94°,
22.94°, 26.18°, 32.70°, 33.22°, 40.3°, 47.18° and 58.06° are
assigned to the (001), (002), (101), (102), (110), (112), (020), and
(212) planes of BOB (JCPDS no. 85-0862) (Fig. 1a).** The domi-
nance of the (102) plane is clearly noticeable. Upon anchoring
polyvalent Fe atoms on the BOB surface (for BOBoy@Fes), the
diffraction pattern remained almost unaltered, which suggests
no formation of a new material. However, slight broadening of
all the diffraction peaks is attributed to the minimal distortion
in the crystallinity of BOB caused by the presence of residual
stress originating from Fe-PA.**> A reduction in the peak inten-
sity corresponding to the (102) plane is observed, which is
mainly because of the presence of Fe-PA on the exposed plane
of BOB, i.e., plane (102).

Additionally, field emission scanning electron microscopy
(FE-SEM) and transmission electron microscopy (TEM) have
been employed to reveal the morphological & structural features
of the materials, respectively. From the FE-SEM images, the
pristine BOBoy shows a square-shaped nanoplate morphology,
whereas BOBoy@Fe; possesses a slightly irregular circular disc-
like morphology (Fig. 1b and c). These morphological changes
are in accordance with the obtained XRD data. This is further
clarified by TEM images. The TEM images of BOBoy and
BOBoy@Fes have been depicted in Fig. 1d and e, respectively.
The HR-TEM images of pristine BOBoy show uniform and clear
lattice fringes with a calculated d spacing of 0.281 nm (Fig. S1).
This can be assigned to the (102) plane of BOBgy.** The SAED
pattern (depicted in the inset image of Fig. S1) further suggests
the highly crystalline nature of BOBoy. As shown in Fig. 1f, the
d-spacing value of BOBoy@Fes; remains unaltered, which
further suggests that Fe-loading doesn't affect the crystal nature
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(a) XRD patterns of BOB, BOBoy, and BOBoy@Fes. FE-SEM images of (b) BOBoy and (c) BOBoy@Fes. TEM images of (d) BOBoy and (e)

BOBov@Fes, respectively. (f) HR-TEM image (inset image: SAED pattern) and (g) EDX elemental mapping of BOBoy@Fes.

of pristine BOBoy. The SAED pattern further supports this (inset
of Fig. 1f). EDX elemental mapping has been employed to
determine the presence of the constituent elements and their
distribution over the materials (Fig. S2 and 1g). Specifically, the
homogeneous distribution of elements ‘P’ and ‘Fe’ in
BOBoy@Fes clearly suggests the proper distribution of Fe-atoms
over the material (Fig. 1g).

The constituent elements of the materials and their valence
states have been studied by X-ray photoelectron spectroscopy
(XPS), and the recorded spectra are depicted in Fig. 2a-e. From
the survey spectra of BOBgoy, the signals located at binding
energies of ~160, 530, 284, and 68 eV, have been assigned to Bi
4f, O 1s, C 1s, and Br 3d, respectively (Fig. 2a). In addition to
these peaks, the survey spectra for BOBoy@Fes contain two
more peaks situated at ~134 and 710 eV, which correspond to
the elements P 2p and Fe 2p, respectively.***” This confirms the
existence of all the elements of the material. For an in-depth
study, high-resolution XPS spectra of each element have been
employed. Fig. 2b shows the comparative high-resolution XPS
spectra of Bi 4f for BOBoy@Fes (depicted in the upper panel)
and BOBoy (depicted in the lower panel). For the pristine
BOBoy, the two strong bands centered at 159.15 and 164.44 eV
are assigned to Bi 4f;,, and 4f;,, respectively. These two signals
suggest the +3-oxidation state of Bi."* In the case of
BOBoy@Fes, the same peaks are shifted slightly to higher
binding energy values of 159.38 and 164.67 eV, respectively.
This suggests the possible electron redistribution between Bi
and Fe metals in the final system.”

The high-resolution O 1s XPS spectra for BOBoy have been
deconvoluted into three peaks, which are present at 529.84,
531.16, and 531.90 eV, respectively (Fig. 2c). These three char-
acteristic peaks can be assigned to lattice oxygen (Opac.), OXygen
vacancies (OVs), and adsorbed oxygen (O,gs ), respectively.>*”
The same deconvoluted peaks are observed for BOBoy@Fes at

1784 | J Mater. Chem. A, 2026, 14, 1782-1792

530.09, 532.10, and 532.31 eV, respectively. In addition, an
increase in the area under the ‘OVs’ peak is correlated with the
existence of higher oxygen vacancies in the final material. High-
resolution XPS spectra of Br 3d have been deconvoluted into two
peaks (depicted in Fig. 2d). The deconvoluted peaks are iden-
tified as Br 3ds,, and 3dj),, located at 68.07 and 69.14 eV for
BOByy, and 68.18 and 69.23 eV for BOBoy@Fe-5, respectively.”®

Furthermore, high-resolution XPS spectra of Fe 2p and P 2p
have been employed for BOBoy@Fes. Fig. 2e shows the Fe 2p
spectra; the signals situated at 710.81 and 723.84 eV are
assigned to Fe 2p;/, and 2p,,,, respectively.*® This confirms the
presence of Fe with both oxidation states (2+/3+). High-
resolution XPS spectra of P 2p have a strong signal at 134 eV,
which originates from PA. Upon deconvolution, the peaks
positioned at 133.46 and 134.13 eV were identified as P 2p3.
and 2p,.,, respectively, suggesting the oxidation states of
phosphorus.*

The electron paramagnetic resonance (EPR) technique has
been used to confirm and quantify the OVs in the materials. The
signals with a g-value of 2.003 indicate the presence of OVs in all
these materials (Fig. 2f).***° The intensities of the signals
express the concentrations of OVs within the materials. BOBgy
has more OVs than the pristine BOB, and the final material has
the highest concentration of OVs. Anchoring polyvalent metal
atoms on BOBgy could improve the defects in the system. The
introduction of the foreign atom/molecule alters the structural
and electronic properties of the pristine BOB. To compensate
for these changes, bonds attached with nearby oxygen atoms
become weak, resulting in the creation of OVs.>**® These results
are well-matched with the analyzed XPS O 1s spectral infor-
mation. Furthermore, the specific surface area (SSA) of the
materials has been determined through BET-N, adsorption-
desorption isotherms (Fig. S4). The enhanced SSA of the BOBoy
and BOBoy@Fes is greater than that of BOB.

This journal is © The Royal Society of Chemistry 2026
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The absorption properties of the materials were examined by
DRS UV-vis absorbance spectroscopy (Fig. 3a and S5a).
Compared to the pristine BOB, the presence of OVs increases
the visible light absorption in BOBqy.* Furthermore, the
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respectively. (e) High-resolution XPS Fe 2p spectra of BOBoy@Fes. (f) EPR spectra for BOB, BOBgy, and BOBoy@Fes.
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gradual loading of Fe-PA in the final materials (BOBoy@Fe,)
enhances the absorbance in the visible region (Fig. S5a). ‘Tauc
plots’ are made by using the modified K-M function to deter-
mine the bandgap energy (E;) values of the materials.*® The
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plotted Tauc plots are shown in Fig. 3b, and the calculated E,
values are 2.65, 2.47, and 2.36 eV for BOB, BOBgy, and
BOBoy@Fes, respectively. The reduction in the bandgap energy
of BOBoy@Fes is attributed to the synergistic effect of OVs and
the presence of Fe-atoms. The improved light absorption will
promote higher photocatalytic activity of the final material than
the pristine samples."* PL spectra and TRPL spectra (with the
fitted curves) are depicted in Fig. S5b and c. The determined
average lifetime (7) values are 0.78, 0.70, and 0.31 ns for BOB,
BOBoy, and BOBgy@Fes, respectively. These results suggest
that the effective separation of the photo-induced charges is
enhanced by OVs in BOBgy with respect to the pristine BOB
system, and it is further improved by the metal sites in
BOBoy@Fes.2!

Mott-Schottky (M-S) curves are recorded to determine the
semiconducting nature as well as the flat band potentials (Eg,)
of the photocatalysts. The recorded M-S plots are presented in
Fig. 3c, and the positive slope for all the materials indicates
their n-type semiconducting behavior.*> The Eg, values are
determined from the tangential intercept of the curves, and
these values are —0.54, —0.48, and —0.43 V (vs. Ag/AgCl) for
BOB, BOBgy, and BOBoy@Fes, respectively. The calculated Eg,
values are —0.343, —0.283, and —0.233 V (with respect to NHE)
for BOB, BOBgy, and BOBoy@Fes, respectively.®* For n-type
materials, the conduction band position (Ecg) can be expected
to be ~0.1 V above Eg,.”* Therefore, the Ecg values of BOB,
BOBoy, and BOBoy@Fe; are expected at the potentials of —0.44,
—0.38, and —0.33 V (vs. NHE), respectively. From the equation
Eyp = Ey — Ecg, the valence band positions (Eyg) are determined
to be +3.09, +2.85, and +2.69 V (vs. NHE) for BOB, BOBgy, and
BOBoy@Fes, respectively. The estimated electronic band
structure of these photocatalysts are pictorially represented in
Fig. 3d. A conclusion can be drawn that all these materials have
sufficient bandgap energy with suitable CB and VB positions to
reduce N, and oxidize H,O. To study the (photo)electronic
behavior of these materials, EIS Nyquist and transient photo-
current (I-t) studies were conducted. In the Nyquist plot, the
smaller arc size in the high frequency region represents the
higher conductivity of the material.****> In comparison to pure
BOB, BOBoy has lower impedance, which supports the presence
of OVs in it (Fig. 3e). The electronic conductivity is further
improved for the final sample, i.e., BOBgy@Fes. This phenom-
enon suggests that surface-bound Fe(m)/Fe(u) atoms facilitate
the overall charge separation process. The photoactivity of these
materials was further examined by recording the current
responses under repeated light and dark conditions (for 20
seconds each). The results suggest that the maximum photo-
current density is observed for BOBoy@Fes and the least for
pristine BOB (Fig. 3f). In addition, the steady increase in the
photocurrent intensity for BOBoy@Fes indicates its better
photoactivity for photocatalysis reactions.

The equilibrium geometries of the pristine BOB, BOB,,, and
BOB,,@Fe, materials were obtained by the PBE-D method in
the present investigation, as depicted in Fig. 4a-k.***® Elec-
tronic properties, i.e., the electronic band structure, total
density of states (TDOS), electronic band gap (Eg), and partial
density of states of these materials were calculated by
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employing the B3LYP-D method implemented in the
CRYSTAL23 suite code.”” The detailed computational methods
employed in this study are provided in the SI. The electronic
bands are plotted along the highly symmetric k-path I'-R-N-T'
in the first Brillouin zone, consistent with the symmetry of the
subject material. We have plotted a total of 8 spin-up (4 valence
and 4 conduction) bands as depicted in Fig. 4b. The pristine 2D
BOB system has a direct electronic band gap (Eg) of 3.2 eV at the
point I', which reveals that the 2D BOB is a wide band gap
semiconducting material as shown in Fig. 4b and c. Further-
more, the equilibrium structure of the OV variant of the BOB
system (BOBgy) is depicted in Fig. 4d. BOBoy shows a direct
electronic band gap of ~2.4 eV at the point I', as represented in
the band structure calculation in Fig. 4e, and the DOS of BOBgoy
is depicted in Fig. 4f, which further confirms its semi-
conducting nature. It should be noted here that the oxygen
vacancies in the pristine BOB reduce the electronic band gap of
the subject material by 0.80 eV, as computed by the B3LYP-D
method.

To reveal the significant roles of the bound iron atoms and
OVs on the surface of BOBoy@Fe, a simplest model material
was designed for the final system, and it is depicted in Fig. 4g.
The equilibrium structure of the BOBoyv@Fe, materials is
depicted in Fig. 4g, and their electronic band structures along
with the density of states are displayed in Fig. 4h and i. In the
Fe-doped BOBy system, BOBqy@Fe,, it has been found that the
valence band maxima overlap with the Fermi energy level (Er)
along with a significant electron density of states, as depicted in
Fig. 4i. This is primarily due to the overlap of the 3d orbital of Fe
with the 2p orbital of the O atom, creating impurity states above
the VBM, which can be further verified by the plotted partial
density of states (PDOS) of Fe ‘d orbitals’ and O ‘p orbitals’
(Fig. 4j and k). The modification of the electronic structure of
BOB through chemically bound transition metals and OVs
significantly enhances photocatalyst stability and activity by
promoting adsorbed species activation and internal electron
transfer. The synergistic interaction between the surface bound
metal centres (here Fe) and OVs enables efficient visible-light-
driven nitrogen fixation through improved charge -carrier
dynamics.*® Thus, our results reveal that the Fe-cation loaded
BOB monolayer with OVs shows excellent conducting nature
with a high electronic density available around the Eg. This will
be highly beneficial for photocatalytic reactions. The computed
electronic band gap values fall within the optimal range for
efficient photocatalytic activity and correlate well with the
experimentally observed band gaps of the subject materials
considered in the present investigation.*?

Photocatalytic NH; production from N, reduction

Based on the above-analyzed data, all the materials have been
utilized for photocatalytic N, activation using a customized
commercial white LED strip-based light source at room
temperature. The photocatalytic activity under a commercially
available LED source suggests the practical applicability of the
present system. A saturated N, gas atmosphere serves as the
source for the photocatalytic nitrogen fixation. The complete

This journal is © The Royal Society of Chemistry 2026
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photocatalytic reaction procedure is explained in the Experi-
mental section. A well-established indophenol method has
been employed to quantify the ammonia produced in the pho-
tocatalytic reactions.®® In this method, the characteristic
absorption peak of the formed indophenol complex at 698 nm
is utilized for the quantitative estimation of NH;.*® For this,
a standard calibration curve was prepared by plotting a series of

This journal is © The Royal Society of Chemistry 2026

known concentrations of ammonia solutions on the x-axis
versus their respective optical densities (OD) on the y-axis
(Fig. S6). The OD values are in a good linear relationship with
the concentrations of NH; (R> = 0.9975). Similarly, the possible
formation of the by-product (ie., N,H,) during the photo-
catalytic production of NH; is determined by the Watt-Chrisp
method.?” A standard curve has been prepared from the known
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concentrations of N,H,, and the plotted graph is depicted in
Fig. S7. The photocatalytic reaction conditions were optimized
in the presence of 1 v/v% aqueous CH;OH (Fig. 5a).”” CH;OH
acts as a hole scavenger to donate H' through the H,0 oxidation
reaction.®® Furthermore, NH; produced through photocatalysis
has been confirmed by NMR and HR-MS studies. After the
completion of the photocatalysis reaction, the product was
initially identified by "H NMR in DMSO-d6 solvent. The triplet
peaks in "H NMR at 7.04, 7.16, and 7.29 ppm clearly confirm the
formation of NH; (as depicted in Fig. S8).'*° It is further
confirmed by mass spectroscopy. The single intensified signal
at m/z = 297.05 indicates the formation of the complex between
indophenol dye and NH; (Fig. $9).>> No production of NH; was
detected under dark and without-photocatalyst conditions,
confirming that this reaction is a completely photocatalytic
process.

Fig. 5b depicts the optimum NH; production rates obtained
by using all the as-synthesized photocatalysts. Compared to
pure BOB, the photocatalytic activity of BOBqy is increased,
which can be attributed to the significant role of OVs in it. The
surface oxygen defects in the material are helpful for the
adsorption and activation of the N, gas molecules.*® The
production rates for the Fe-atom bound composites, ie.,
BOBoy@Fe,, show that the maximum NH; production rate
reached up to 385.5 UM gear ' h™ for BOBoy@Fes. The
enhanced NH; production is attributed to the Fe atoms that are
bound through the chelating molecule on the BOBoy. No NH;
production is observed for the pure Fe-PA, confirming that only

View Article Online
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reducing N,. Furthermore, the mandatory roles of H,O and N,
gas in N, activation were investigated by modifying the reaction
conditions: using acetonitrile (ACN) as the solvent medium and
saturated ‘Ar’ & an ambient open atmosphere instead of N,
(Fig. 5c). Negligible production of NH; is observed in these
reactions, suggesting that H,O acts as a proton source, and the
purged N, is a reactant source for the photocatalytic N, fixa-
tion."** In the same context, the reduction of N, by the pho-
tocatalysts was further confirmed by transient I-t studies
performed under saturated Ar/N, atmospheres (Fig. 5d). The
resulting low photocurrent density value in the saturated N,
atmosphere with respect to the saturated Ar atmosphere can be
attributed to the interaction between photogenerated electrons
(e7) and N, gas molecules.'** This difference in photocurrent
densities in different atmospheres is highest for BOBoy@Fes
compared to BOBgy and BOB, which clearly confirms that the
final material is more prone to interactions with N, gas, which
eventually improves the photocatalytic N, activation.

To gain insight into the individual roles of P-free carbon
content, P-containing carbon (i.e., PA), and Fe-atoms anchored
on the BOB surface, a few additional controlled samples have
been explored further. These are BOBoy@C, BOBoy@PA, and
BOBoy@Nis. The synthesis details are provided in the Experi-
mental section, SI. The photocatalytic NH; production rates of
these controlled samples are depicted in Fig. 5e. It is observed
that the photocatalytic efficiencies of BOBoy@C and BOBoy@-
PA are higher than that of pristine BOBqy. This is probably due
to the improved charge transport by the carbon-based material

the bound multivalent iron atoms on BOBgy play the role in attached to BOBqoy.** It is also noteworthy that the
(a) (b) ©
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photocatalytic efficiency of BOBoy@Nis (similar Ni source, i.e.,
the Ni-PA precursor) is lower than that of our final composite
BOBoy@Fes. This indirectly suggests the vital role of ‘Fe’ as an
active site for N, activation.*® All the recorded absorption
spectra for the indophenol tests are depicted in Fig. S10. In
addition, the photocatalytic activity of BOB, BOBov, and
BOBoy@Fes using a 300 W Xe light source (with full spectra) has
been depicted in Fig. S11. The similar trends, with minimal
differences in production rates of the materials, demonstrate
the real-time utility of these photocatalysts.

Furthermore, the Watt-Chrisp method was employed to
determine the formation of the major intermediate, N,H,
during photocatalytic NH; synthesis (Fig. S12), and no trace of
N,H, was detected in the reaction. The absence of N,H,
confirms that BOBoy@Fes follows the associative distal pathway
of nitrogen reduction reaction to produce NH;.”

Based on the above-mentioned analysis, the following key
points are listed to propose a possible mechanism of photo-
catalytic N, fixation to NH; on BOBoy@Fes: (i) the higher
specific surface area with larger oxygen vacancies in BOBoy@-
Fes will help to increase the photocatalytic activity. The SSA is
utilized to accumulate more N, molecules, and surface OVs (i.e.,
trapping agents of electrons) increase the reduction of adsorbed
reactant molecules.®*® (ii) The enhanced visible light absor-
bance and transport of photo-induced charge carriers will
contribute more charges to enhance the redox reaction during
photocatalysis.?® (iii) Importantly, the photocatalyst, BOBoy@-
Fes, has strong reduction and oxidation potentials, i.e., the CB
and VB are at —0.33 and 2.69 eV (vs. NHE), respectively. The
alignment of these band potentials is well-suited for the pho-
tocatalytic NH; synthesis from N, reduction. (iv) Specifically,
the chemically attached metallic Fe atoms with multiple
oxidation states on BOBgy play a crucial role in effective charge
separation and the adsorption and activation of the N, mole-
cules during the reaction. All these features of the final photo-
catalyst make it an efficient photocatalyst for the photocatalytic
fixation of N,, and it is schematically represented in Fig. S13.

Furthermore, the photocatalytic efficiency of BOBoy@Fes
has been examined at various wavelengths (1) of light. The
photocatalytic production rates of NH; are 125, 329.5, 145, and
120 UM g.. ' h™' under 380, 400, 420, and 450 (£5) nm
wavelengths, respectively. The calculated apparent quantum
efficiency (AQE) values are 5.24, 4.17, 2.195, and 1.69% for 380,
400, 420, and 450 (+5) nm wavelengths, respectively. A plot of
the calculated AQE (%) values vs. absorbance spectra of
BOBoy@Fes has been depicted in Fig. 5f. The stability of the
photocatalyst was examined by cyclic stability tests (Fig. S14a).
In comparison to the first cycle, 64.46% of the NH; yield is
obtained even in the 5th cycle. After five consecutive cycles of
photocatalysis, the used photocatalyst is considered for XRD
analysis to observe the modifications (Fig. S14b). No changes
are observed in the pattern, suggesting the stability of the
photocatalyst. Fig. S14c shows the DRS absorbance spectra of
the used photocatalyst. Even after several photocatalytic
reduction reactions, the visible light absorbance spectra remain
unaltered. The postreaction elemental studies have been
carried out through XPS measurements, which further confirm

This journal is © The Royal Society of Chemistry 2026
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the stability of the photocatalysts (Fig. S15). However, a slight
decrease in areal OVs (%) clearly suggests the direct involve-
ment of OVs in the photocatalysis process (Table S1).>* The
photocatalytic NH; production efficiencies of these materials
have been further compared with those of other reported pho-
tocatalysts in a tabular form and depicted in Table S2.

To explore the reaction mechanisms of N, reduction using
the PBE-D method (in short, the DFT method), here we have
determined the change in Gibbs free energy (AG) of various
reaction intermediates formed during the reaction with the
help of eqn (S2). In the photocatalytic N, reduction reaction, the
successive proton-coupled electron transfer (PCET) reactions
happen on the surface of the catalyst. We have explored both
associative distal and associative alternating reaction pathways
toward N, reduction on the surface of the BOBoy@Fe, material
and reported the value of AG in the case of each reaction
intermediate involved in the N, activation. Fig. 6 and S16
represent the equilibrium structures of all the reaction inter-
mediates involved in the associative distal and associative
alternating reaction pathways, respectively.

We have calculated the values of AG or relative free energy
(eV) with respect to the N, intermediate formation as a refer-
ence geometry. Fig. 7a and b presents the free energy diagram
(also known as the potential energy surface (PES) profile) for
both the associative distal and associative alternating pathways
for N, reduction on the surface of the BOBoy@Fe, material. In
the case of both the associative distal and alternating pathways,
all the reaction steps involved in N, reduction are exothermic,
and proceed downhill, except for the step in which the last
molecule of NH; is produced, which is an endothermic reaction
step. However, the computed values of AG during the NH;
formation are —1.85 eV and —0.85 eV with respect to the
previous step during the associative distal and alternating
reaction pathways. As illustrated in Fig. 7, the first NH; mole-
cule is released readily, as NH; desorption is exothermic in both
cases. However, the evolution of the second NH; molecule
requires external energy input. A critical difference emerges
between the pathways: the *NNH — *NNH, step in the asso-
ciative distal pathway is significantly more downhill compared
to the *NNH — *NH_NH step in the associative alternating
pathway. This step represents the primary distinguishing factor
between the two pathways, demonstrating that the *NNH —
*NNH, reaction pathway is more exothermic and that the
intermediate *NNH, forms more readily than the intermediate
*NH_NH. Consequently, the associative distal pathway is more
thermodynamically favourable for NH; formation compared to
the associative alternating pathway that takes place on the
surface of BOBoy@Fe,. The desorption the second NH; mole-
cule is the rate-limiting step in the whole N, reduction reaction
process based on the calculated relative free energies as depic-
ted in Fig. 7a and b. We observed that the photocatalytic N,
activation on the surface of the BOBgy@Fe, material demon-
strates superior performance compared to previously reported
materials, including the Cu-doped BiOBr catalyst.*®

Additionally, we observed that the N-N bond length slightly
increased from 1.10 A to 1.14 A after the adsorption of the N,
molecule at the Fe active site of BOBgy@Fe,. This is due to more
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Fig.6 Equilibrium structures of the reaction intermediates involved in the associative distal pathway of the N, reduction reaction on the surfaces

of BOBoy@Fe, obtained by the PBE-D method.

charge transfer from the BOBoy@Fe, system to the N, molecule
when it is adsorbed at the Fe active site.® The elongation can be
attributed to a substantial charge transfer from the BOBoy@Fe,
system to the N, molecule when it is adsorbed at the Fe site near
the O-vacancy. To visualize this charge transfer, we have shown
here charge difference density results in Fig. 7c. For N, adsorption
on the surface of BOBoy@Fe,, we observed higher charge locali-
zation near the N, molecule as depicted in Fig. 7c. This localized
charge distribution confirms the enhanced charge transfer from
the BOBoy@Fe, system to the N, molecule when adsorbed at the

(a) —
)
o *N
@ o —*NNH
.
& -0.16%*NNH,
2 088, *+NH,
m .‘*N+NH3 ._1.85
g 2.15%,
P ’ st}(:' ]
& O eNE
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7

Fe site near the oxygen vacancy. This charge transfer weakens the
N-N bond, thereby enhancing N, molecule activation for the
subsequent photocatalytic N, reduction reaction.” Based on both
theoretical and experimental results, the superior nitrogen
reduction to ammonia production on the surfaces of BOBoy@Fe,
can be attributed to two key factors: chemically bound polyvalent
Fe-atoms and OVs. The enhanced photocatalytic activity results
from the increased surface defects, which facilitate N, molecule
adsorption while reducing charge carrier recombination.
Furthermore, the combined theoretical and experimental study

(b) A | Associative Alternating |
o
>
< I*N,
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 /
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Fig.7 Free energy diagram or potential energy profiles of the NRR on BOBoy@Fe, obtained by the PBE-D method. (a) Associative distal pathway,
and (b) associative alternating pathway. (c) Charge density analysis of the N, adsorbed on the surface of the BOBov@Fe, system. Here, the yellow
colour represents charge accumulation and the cyan colour represents charge depletion).
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confirms that the NH; formation proceeds via the associative
distal pathway, establishing this as the preferred nitrogen reduc-
tion reaction mechanism for the BOBoy@Fe, catalyst.

Conclusions

In conclusion, 2D disc-shaped OV-rich-BOB nanomaterials were
prepared, and further decorated with multi-valent Fe atoms
through phytic acid as a bridging molecule. Detailed structural,
elemental, and optoelectronic properties of all the as-synthesized
materials were investigated, and the results show that the visible
light absorption and charge transfer properties are improved by
OVs. Furthermore, the presence of Fe atoms affects synergistically
by improving the surface adsorption and photo-reduction of the
N, molecule. This is further supported by photoelectrochemical
studies, ie., transient -t curves and EIS. These experimental
findings are supported by the DFT studies through the optimiza-
tion of the material's structures and their equilibrium electronic
properties (through energy band, TDOS, and PDOS calculations).
All the as-synthesized photocatalysts were examined for photo-
catalytic N, fixation to NH;. The results suggest that due to the
synergistic effects of OVs and multivalent Fe atoms, the photo-
catalytic NH; production rate reaches up to 385.5 pM ge, ~ h™*
for the optimized photocatalyst, BOBoy@Fes. The photocatalytic
formation of NH; has been confirmed by NMR, and further sup-
ported by measuring the mass spectra of the indophenol complex.
Detailed DFT calculations have been further employed to support
the explanation for the photocatalytic performance of the subject
material by investigating the energetics of the reaction pathway,
and predicting the reaction intermediates. The combined experi-
mental and computational approach successfully elucidates the
synergistic effects of Fe doping and OVs in BOB, which will be
beneficial for defect engineering and active site modulation in
photocatalysts. The results provide useful direction for developing
improved photocatalysts and advancing green NH; synthesis
technologies.
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