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Solar-Driven Photocatalytic N, Reduction to Ammonia
Using Plasmonic Au@NiZIF-8 MOF Hybrids

Belén Arjones-Ferndndez, Ankur Malik, Lucia Guillade, Rudranarayan Khatua,
Lucas V. Besteiro, Ana Sousa-Castillo,* Margarita Vdzquez-Gonzdlez,*

Ramén A. Alvarez-Puebla,* and Miguel A. Correa-Duarte*

Photocatalytic ammonia synthesis has emerged as a sustainable alternative to
the fossil-fuel-dependent industrial Haber-Bosch process, utilizing solar
energy to convert atmospheric nitrogen and water into NH; under mild
conditions. While this method significantly reduces CO, emissions, it faces
challenges such as low nitrogen solubility in water and competition with the
hydrogen evolution reaction, which hinder its efficiency and scalability. Here,
a core-shell approach is employed to incorporate controlled-morphology
plasmonic gold nanoparticles (AuNPs) into Ni-doped ZIF-8 metal-organic
frameworks (MOF;), forming a hybrid photocatalyst. In this design, AuNPs
serve as the core, while the NiZIF-8 shell prevents nanoparticle agglomeration
and facilitates enhanced nitrogen and proton transport to the AuNP surface
during illumination. The Au@NiZIF-8 photocatalyst outperforms NiZIF-8
alone, benefiting from improved electron transfer, energy migration, and
localized field polarization. These synergistic effects enhance nitrogen

demand.l**] Despite its exothermic nature
(N,(g) + 3H,(g) — 2NH;(g)), the reaction
does not proceed efficiently under mild con-
ditions. The high dissociation energy of
the N=N bond requires extreme temper-
atures (300 — 600°C) and pressures (150
— 300 atm), making the process energy-
intensive. The Haber—Bosch process con-
sumes 1 — 2% of global energy production
and relies on hydrogen derived from fos-
sil fuels, accounting for ~50% of world-
wide H, consumption.[®! This results in
significant CO, emissions, ~2 tons per
ton of NH, produced, contributing 3% of
global greenhouse gas emissions.l”! In con-
trast, nitrogenase enzymes in nature syn-
thesize NH; from N, under ambient con-

activation and stabilize reaction intermediates, significantly improving
catalytic efficiency and selectivity. Furthermore, the catalytic activity remains

stable across three consecutive cycles.

1. Introduction

Ammonia (NH;) is an essential raw material, primarily used
in fertilizers, plastics, and explosives.['*! Since its development
in 1909, the Haber-Bosch process has been the dominant pro-
duction method, yielding ~150 million metric tons annually
with an expected growth of 2-3% per year due to rising global

ditions using energy from photosynthesis,
but their output is insufficient for indus-
trial needs.®! Efforts to decarbonize am-
monia production include green hydro-
gen (from water electrolysis), electrochem-
ical synthesis, and biomimetic catalysts
that mimic nitrogenase. However, scalability and cost remain key
challenges in replacing the century-old Haber-Bosch method.
Solar energy is among the most abundant energy sources
on Earth, and leveraging photocatalytic technology to convert
it into chemical energy offers a promising pathway to address
energy shortages and environmental challenges.”) Photocat-
alytic ammonia synthesis offers a sustainable alternative to the
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Figure 1. Schematic illustration of the synthetic process for the AUNST@NiZIF-8 hybrid.

energy-intensive Haber—Bosch process by utilizing solar energy
to convert atmospheric nitrogen and water into ammonia un-
der mild conditions (25°C, 1 atm).['%! This approach addresses
two critical challenges: the thermodynamic stability of N, and
the environmental impact of conventional NH; production.®’]
However, the process must overcome competing hydrogen evo-
lution and low nitrogen solubility in aqueous systems (~0.6 mm
at 25 °C).[1

Metal-organic frameworks (MOF), particularly zeolitic imi-
dazolate frameworks (ZIFs), have shown exceptional promise
as photocatalysts due to their unique structural properties.[''-14]
ZIF-8 [Zn(MeIM),], the most studied variant, combines high sur-
face area (%1500 m? g~!) with molecular sieving capabilities.!*>]
However, its wide bandgap (4.9-5.2 eV) limits light absorption
to the UV region, while rapid charge recombination (r < 1 ns)
reduces photocatalytic efficiency.'*1] However, strategic metal
doping (Co?*, Ni%*, or Fe* substitution at Zn?* sites) enhances
ZIF-8's performance through bandgap narrowing (AE_g up to
1.2 eV) and improved N, chemisorption.?>?!l These modifica-
tions extend light absorption into the visible range while main-
taining framework stability.

Plasmonic metal nanoparticles (PMNP) exhibiting local-
ized surface plasmon resonances (LSPRs) have emerged as
promising photosensitizers for photocatalytic nitrogen reduc-
tion reactions.['>21-23] Their exceptional light absorption proper-
ties, nanoscale light manipulation capabilities, and ability to ex-
cite high-energy carriers that can drive redox surface reactions
make them effective catalysts for nitrogen-to-ammonia conver-
sion. These plasmonic photocatalysts can extend semiconduc-
tor absorption into the visible range. However, they face several
challenges, including reduced electron transfer efficiency due to
Schottky barriers, physical separation between catalytic centers
and LSPR fields, and slow nitrogen dissolution and mass trans-
fer rates.

Herein, we demonstrate that precise structural design of
each component is crucial for developing effective PMNP/MOF
nanoarchitectures. The core-shell configuration, with AuNPs of
controlled morphologies as the core and ZIF-8 or NiZIF-8 as the
porous shell, achieves dual functionality: it prevents plasmonic
nanoparticle agglomeration while maintaining efficient trans-
port of N, molecules and hydrated protons to the AuNP surfaces
during illumination. Furthermore, synergistic effects, such as en-
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hanced electron transfer, energy migration, and localized field
polarization, collectively promote N, activation and stabilize re-
action intermediates, leading to substantially improved catalytic
performance.

2. Results and Discussion

The plasmonic core-shell nanostructures were synthesized using
a two-step method, as schematically illustrated in Figure 1. First,
gold nanorods (AuNRs) and gold nanostars (AuNSTs) were se-
lected as plasmonic cores due to their asymmetric geometries,
which enhance light absorption per nanoparticle compared to
other shapes.[?*26] These structures function as nanoantennas
and exhibit distinct absorption signatures, making them ideal for
this study.[”’-2%1 AuNRs were synthesized using a seed-mediated
method, where adjusting the seed quantity enabled precise con-
trol over the LSPR, aligning it with the target wavelength in the
NIR region (788 nm).*"! The final AuNRs measured 39.7 + 4.7
nm in length and 10.9 + 1.2 nm in width (Figure 2a; Figure
Sla, Supporting Information). Similarly, AuNSTs were synthe-
sized using CTAB as a capping agent, yielding structures with a
core diameter of 77.8 + 19.3 nm and spike lengths of 45.5 + 19.3
nm (Figure 2b; Figure S1b, Supporting Information) whose opti-
cal response was centred at 700 nm due to the tips with a shoulder
at 520 nm corresponding to the core (Figure 2¢).[??] In the second
step, both plasmonic morphologies were individually encapsu-
lated with water-based NiZIF-8 by maintaining the CTAB concen-
tration below the critical micellar concentration (CMC) thresh-
old, ensuring controlled deposition. This approach promoted ho-
mogeneous growth, enabled precise modulation of MOF crystal
size, and facilitated the preferential adsorption of hydrophobic
hydrocarbon chains on the MOF {100} facets.?!] Ultimately, this
led to the formation of cubic structures and consistently yielded
core-shell colloidal nanocomposites with narrow size distribu-
tions (Figure S2, Supporting Information).32] Additionally, struc-
tures without plasmonic compounds (ZIF-8 and NiZIF-8) and
Au@ZIF-8 were synthesized as control samples (Figure S3, Sup-
porting Information).

Transmission electron microscopy (TEM) images (Figure 2d-1;
Figure S3, Supporting Information) confirm the formation of
single-core encapsulation within uniform cubic NiZIF-8 crystals.
The elemental distribution within the composite particles was
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Figure 2. TEM micrograph a) AuNRs, b) AuNSTs, and c) extiction UV-Vis spectra of colloidal AuNRs (Brown) and AuNSTs (blue). High-resolution
TEM image d) NiZIF-8 crystal e) AuNR@NIZIF-8, and f) AuNST@NiZIF-8 hybrid, g) the corresponding high-angle annular dark field-scanning transmis-
sion electron microscopy (HAADF-STEM) image, h—k) EDX elemental mapping of an Au@NiZIF-8 nanocrystal, I) more representative TEM image of

AuNST@NiZIF-8.

confirmed via energy dispersive X-ray spectroscopy (EDX) map-
ping. As shown in Figure 2h-k, Au was confined to the core,
while Zn, N, and Ni were homogeneously distributed through-
out the NiZIF-8 shell. Inductively coupled plasma optical emis-
sion spectrometry (ICP-OES) results revealed that the Ni loading
content of AUNR@NIZIF-8 and AuNST@NiZIF-8 were 1.28 and
1.31 wt.%, respectively.

Adv. Optical Mater. 2025, 13, €02759 €02759 (3 of 12)

The comprehensive structural and electronic characterization
of Ni-doped and Au-modified ZIF-8 materials reveals a com-
plex but coherent picture of framework modification that main-
tains crystallinity while introducing strategically important func-
tional properties. Beginning with crystallographic analysis, the
powder X-ray diffraction (XRD) patterns (Figure 3a) exhibit all
characteristic low-angle diffractions of the sodalite-type ZIF-8
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Figure 3. a) Powder XRD profiles and ZIF-8 characteristic peaks, b) FTIR spectra in the zone 4000-400 cm™~", c) N, sorption isotherm, and d) Powder
UV-Vis DRS. ZIF-8 (purple), NiZIF-8 (yellow), AuNRs@NiZIF-8 (light blue), and AuNSTs@NiZIF-8 (dark blue).

framework, including the prominent (011) reflection at 7.37° (d-
spacing = 11.9 A), (002) at 10.43° (4 = 8.5 A), and (112) at 12.78°
(@ = 6.9 A), with relative intensities matching simulated pat-
terns from single-crystal data.33] The exceptional peak sharpness
(FWHM(011) = 0.12 + 0.01°) and absence of amorphous halos
confirm high crystallinity is maintained after both Ni doping and
Au encapsulation. For Au-containing samples, additional reflec-
tions at 38.2° (111), 44.4° (200), 64.6° (220), and 77.5° (311) per-
fectly index to face-centered cubic Au (JCPDS 04-0784), with the
(111)/(200) intensity ratio of 3.1 indicating predominantly octa-
hedral (Oh) nanoparticle morphology (Figure S4a, Supporting In-
formation). Notably, the ZIF-8 lattice parameters calculated by Ri-
etveld refinement (a = 16.991(3) A for ZIF-8 vs. 16.987(5) A for
Ni-ZIF-8) show negligible change, demonstrating that the frame-
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work accommodates Ni substitution without significant strain. It
should be noted that the crystalline structure remains stable af-
ter plasma cleaning and post-catalysis, as demonstrated in Figure
S4b (Supporting Information).

Complementary Fourier-transform infrared (FTIR) spec-
troscopy provides molecular-level resolution of coordination en-
vironment changes (Figure 3b). The spectra show all funda-
mental vibrations of 2-methylimidazolate linkers: aromatic C—H
stretching at 3135 cm™ (vas, CH), aliphatic C—H stretching
at 2912 cm™ (vs, CH;), and the intense C=N stretching at
1585 cm™! that serves as a sensitive reporter of metal-ligand
bonding.?!l The complete absence of N—H stretching modes
in the 1800-1900 cm™ region confirms quantitative deprotona-
tion of the imidazole ligands during synthesis, a prerequisite
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for proper coordination to metal centers. Most significantly, the
metal-nitrogen stretching vibration shifts from 423 cm™ in pris-
tine ZIF-8 to 408 cm™! in Ni-doped samples, a 15 cm™! red shift
that directly reflects the changes in metal-ligand bonding upon
Ni?* substitution. This shift direction and magnitude agrees
perfectly with Badger’s rule, given Ni’*’s smaller ionic radius
(0.69 A) compared to Zn?>* (0.74 A), which increases the metal-
nitrogen bond strength through greater orbital overlap.**] The
Au-containing samples show no new vibrational modes between
400 and 4000 cm™!, confirming the Au nanoparticles interact
through physical dispersion rather than chemical bonding to the
framework.

Detailed nitrogen physisorption measurements reveal the hi-
erarchical porosity modifications induced by metal doping and
nanoparticle incorporation (Figure 3c). All samples exhibit classi-
cal Type Iisotherms characteristic of microporous materials, with
steep N, uptake at low relative pressures (P/P, < 0.01) indicating
uniform micropores. The pore size distribution analysis gives an
average pore diameter of 1.5 + 0.1 nm for all samples, matching
the theoretical pore opening size in ZIF-8 (Figure S5, Supporting
Information). Quantitative analysis shows Ni incorporation re-
duces the micropore volume from 0.516 cm? g=! (ZIF-8) t0 0.319
cm?® g7! (NiZIF-8), while maintaining comparable BET surface
area (1382 vs 1387 m? g~!). This unusual combination, which
preserves surface area but reduces pore volume, suggests that
Ni** complexes partially occupy pore cavities without collapsing
the framework, consistent with the XRD and FTIR results. For
Au-loaded samples, the development of a hysteresis loop at P/P,
=0.45-0.90 indicates new mesoporosity, while the decreased sur-
face area to 1100 m? g~! reflects some degree of physical interac-
tion between the gold nanoparticles and the MOF.

UV-Vis diffuse reflectance spectroscopy (UV-Vis DRS) pro-
vides crucial insights into the electronic structure modifications
(Figure 3d). Pristine ZIF-8 exhibits only ligand-to-metal charge
transfer (LMCT) transitions below 300 nm (imidazolate—Zn?*)
due to Zn**’s d'° configuration, which lacks crystal field transi-
tions. In contrast, NiZIF-8 shows three characteristic d-d transi-
tions of Oh Ni?* (d®): 3A,g — 3T,g(F) at 875 nm (1.42 eV, v1),
3A,g — 3T, g(F) at 580 nm (2.14 €V, v2), and 3A,g — 3T,g(P) at
340 nm (3.65 eV, v3), as predicted by Tanabe-Sugano theory for
Oh symmetry.[**! The exceptionally broad bandwidths (FWHM =
2100 + 150 cm™! for v2) indicate dynamic Jahn-Teller distortion
in the NiN, coordination sphere, consistent with the fluxional
behaviour of high-spin Ni** in imidazolate frameworks.[**! For
Au-modified samples, plasmonic coupling effects are evident:
AuNRs (longitudinal LSPR at 750 nm) show weak interaction
with Ni2*’s 875 nm transition, while AuNST (LSPR at 640 nm,
blue shifted due to spike reshaping upon ZIF coating) strongly
overlap with the 580 nm transition, potentially enabling resonant
energy transfer.l’]

X-ray photoelectron spectroscopy (XPS) delivers atomic-level
resolution of electronic structure changes (Figure 4). The Zn
2p,/, core level remains remarkably constant at 1021.8 + 0.1 eV
across all samples, with a spin—orbit splitting of 23.1 eV and satel-
lite structure identical to pristine ZIF-8,1*8] confirming the frame-
work’s electronic resistance to modification. For Ni-doped sam-
ples, the Ni 2p,/, region shows the definitive signature of high-
spin Ni?* in Oh coordination: a main peak at 855.7 eV accompa-
nied by charge transfer satellites at 861.9 eV (6.2 eV separation)
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and 867.3 eV (11.6 eV separation), with intensity ratios match-
ing theoretical predictions for d® configuration. Au loading in-
duces a small but reproducible 0.3 eV positive shift in Ni 2p,/,
binding energy (to 856.0 eV), suggesting, very likely, electron
withdrawal from Ni centres through Au—Zn—Ni charge trans-
fer pathways mediated by the conjugated imidazolate linkers.!*’]
While direct operando evidence would be required to unambigu-
ously confirm such a charge-transfer pathway, complementary
UV-Vis and wavelength-dependent photocatalysis provide strong
support for an Au-Ni electronic interaction. In UV-Vis DRS, the
Ni** d—d transition at ~580 nm overlaps strongly with the AuNST
LSPR (600-700 nm), creating the spectral conditions necessary
for plasmonic energy or carrier transfer. Consistently, catalytic
action spectra show that restricting illumination to 4 > 500 nm,
thus exciting the overlapping Au/Ni window, recovers most of
the full-spectrum activity, despite reduced photon flux. Together
with the reproducible +0.3 eV Ni 2p,/, shift, these data sup-
port an electronic coupling between Au and Ni that contributes
to enhanced photocatalytic activity, although the precise mecha-
nism (near-field enhancement, energy transfer, or hot-carrier in-
jection) remains to be fully resolved. In addition, plasma cleaner
treatment applied to the samples effectively cleans the surface
without causing significant alterations to their elemental com-
position or chemical environment. The highly consistent bind-
ing energies of the main elements (O, Zn, Ni) clearly confirm
the preservation of the overall structural integrity of the material
(Table S1, Supporting Information).

Correlating these techniques reveals a sophisticated hierarchi-
cal modification mechanism operating across multiple length
scales. At the atomic level, Ni?* substitution introduces localized
electronic perturbations (XPS shifts, UV-Vis d-d transitions) and
bond length changes (FTIR frequency shifts) that subtly alter
pore accessibility (physisorption) while maintaining long-range
order (XRD). The UV-Vis derived ligand field parameters (A,
= 11,429 cm™! (875 nm)) quantitatively explain both the XPS-
observed Ni?* satellite structure and FTIR’s Ni-N vibration shift
through the nephelauxetic effect. This value, which corresponds
to the *A,g — 3T,g(F) transition observed in the UV-Vis spec-
trum of Ni?* in octahedral coordination within ZIF-8, confirms
the Oh symmetry of the Ni?* sites and aligns with XPS Ni?* oxi-
dation state (855.7 eV), FTIR Ni-N stretching vibration (408 cm™)
and the strain-induced pore volume decrease (0.516 — 0.319 cm?
g71). The large A, (11,429 cm™! vs. ~8,000 cm™" for typical Ni-
imidazolates) suggests strong ligand field effects in our system,
likely due to framework-induced strain or Au interactions. This
high splitting energy stabilizes the low-spin state of Ni’* and en-
hances back-donation to N, in potential ammonia synthesis (ni-
trogen reduction reaction, NRR) catalysis.

To evaluate the photocatalytic performance of the synthesized
samples, we conducted photocatalytic N, reduction in a basic
aqueous solution under visible light illumination.[*"] The ammo-
nia production was quantified by indophenol colorimetric assay
and "H-NMR spectroscopy.'! Both techniques showed consistent
results, corroborating the measured ammonia yields (Figure S6,
Supporting Information). To verify the source of the nitrogen
atom in the NH; product, isotopic labeling experiments using
5N, were performed. The '"H NMR spectrum (Figure S7, Sup-
porting Information) exhibits two distinct peaks at 6.89 and 7.08
ppm, corresponding to the ®NH,* species.[*!]
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Figure 4. a) XPS survey scans and high-resolution spectra of b) OTs, c) Ni2p, and d) Zn2p of ZIF-8 (purple), NiZIF-8 (yellow), AUNR@NIZIF-8 (light

blue), and AUNST@NiZiF-8 (dark blue) hybrids.

Figure 5a illustrates the catalytic performance of the various
photocatalysts. Whereas ZIF-8 demonstrated minimal activity,
which is consistent with its limited absorption in the visible spec-
trum, the incorporation of Ni into the framework structure re-
sulted in a fourfold increase in ammonia yield. This improve-
ment can be attributed to the broadening of the light absorp-
tion range and the formation of novel energy levels (Figure 3d),
which function as both active sites and electron capture centres,
thus mitigating charge recombination. Moreover, the integration
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of Au nanoparticles into the NiZIF-8 framework led to a sub-
stantial enhancement in catalytic performance, with a twofold
increase for AuNRs and a sevenfold increase for AuNSTs com-
pared to NiZIF-8. The ammonia evolution rates were 57 and 207
pmol g~ h! for the AuUNRs@NiZIF-8 and AuNSTs@NiZIF-8
samples, respectively, with the latter surpassing most of the re-
ported results related to plasmon-assisted photocatalytic N, re-
duction in the absence of hole scavengers (Table S2, Supporting
Information). Furthermore, it is important to note that when
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Figure 5. a) NHjs yield of ZIF-8, NiZIF-8, AUNR@NIiZIF-8, and AUNST@NiZIF-8 hybrids under N, conditions, with the contribution from Ar sub-
tracted, b) Time evolution of the NH; formation using AuNST@NiZIF-8 as photocatalyst, c) NH; yield upon 3 consecutive photocatalytic cycles for the
AuNR@NIZIF-8, and AUNST@NIZIF-8 samples. Reaction conditions: m_,; = 0.5 Mg, V,eactor = 3 ML, T =20°C, t = 1 h per cycle. Wavelength range =

350-2400 nm.

photocatalysis was performed using a mixture of AuNSTs and
NiZIF-8, at concentrations comparable to those in the hybrid
nanostructure, the ammonia production rate was approximately
twofolds lower than that observed with the hybrid system (Figure
S8, Supporting Information).

It is also noteworthy that although the performance evalua-
tion of the samples under dark an Ar (Figure S8, Supporting
Information) atmosphere demonstrates a certain catalytic activ-
ity attributed to the nitrogen group of the methylimidazole lig-
and, a significant increase in activity is observed when the re-
action is conducted under light and N,. This confirms that the
ammonia produced primarily originates from N, reduction in
the visible region of the solar spectrum. Furthermore, the pres-
ence of secondary products, such as hydrogen (H,) (Figure S9,
Supporting Information) and hydrazine (N,H,) was assessed by
gas chromatography and Watt and Chrisp method (Figure S10,
Supporting Information), respectively, and negligible amounts
were detected.*?! Figure 5b shows the time evolution of the re-
action, with reaction rates of 0.03 umol h~! and 0.10 umol h™ for
the AUNRs@NiZIF-8 and AuNSTs@NiZIF-8 samples, respec-
tively. The corresponding turnover numbers (TON), calculated
per Ni site after 3 h of reaction under solar-simulator irradia-
tion, are 234 and 1275, respectively. The stability assessment
of the AuNRs@NiZIF-8 and AuNSTs@NiZIF-8 samples demon-
strated that its catalytic activity is preserved across 3 consecu-
tive cycles (Figure 5c). Consistent with this, TEM micrographs
revealed that the morphology of the nanostructures remains un-
changed (Figure S11, Supporting Information) and thereby fur-
ther confirming the stability of both hybrid structures. Moreover,
XRD analysis showed that the crystallinity of the photocatalyst
is also preserved as it can be seen in Figure S4b (Supporting
Information).

We complement these observations with computational re-
sults simulating the optical and photocatalytic response of the

Adbv. Optical Mater. 2025, 13, 02759 e02759 (7 0f12)

AuNPs that were later encapsulated inside the NiZIF-8. Descrip-
tion of the computational details can be found in the Supporting
Information,**** and selected results of these simulations are
shown in Figure 6. From them, it is apparent that the AuNSTs
interact much more strongly with light than the AuNRs. This is
also true when we evaluate the total rate of excitation of intra-
band electrons and holes with large excess energies, Rate,.,
shown in Figure 6b.1##] Each AuNST achieves larger rates and
also covers a broader spectral range. In the context of the reduc-
tion of N,, the production of these high-energy carriers is partic-
ularly relevant, as they can be injected into the environment the
metal, and contribute to both reduction of N, and creation of re-
quired radical species through oxidation. The large excitation rate
of such charge carriers in the AuNST occurs preferentially at the
tips of its spikes or arms, which are points of large curvature and
thus produce strong hot spots, alike those produced at the tips
of AuNRs excited at resonance. The surface maps showing the
order of magnitude of the field enhancement, in Figure 6¢c, help
us in visualizing them, as well as understanding the geometry of
the plasmonic modes excited at the main plasmonic resonance
nearest the visible range. For the AuNR, we are of course seeing
its longitudinal mode while, less obviously, for the AuNST we
find that at 726 nm we are seeing single-spike modes, with the
collective mode being present at ~1200 nm. Incidentally, these
surface maps also inform us about the overall spatial distribu-
tion of the spots around which the AuNST can induce resonant
energy transfer to Ni optical bands, occurring at the wavelengths
listed in a previous paragraph.

To examine the wavelength dependence of photocatalytic NRR,
experiments were performed using optical filters, and the re-
sults are presented in Figure 7a. When the hybrid catalyst
AuNST@NiZiF-8 was irradiated with light in the 360-517 nm
range, gold interband transitions were predominantly excited, re-
sulting in NH; production of 39 umol g_,,~! h~!. However, when
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Figure 6. a) Computational scattering (dotted lines) and extinction cross sections (solid lines) of the AuNPs, accompanied by models used in the
electromagnetic simulations of both AuNSTs and AuNRs. b) Spectra of the rate of excitation of high-energy intraband carriers for both systems. c)Surface
maps of the field enhancement immediately outside of the AuNPs, under excitation with linearly polarized light, aligned with the long axis in the case of
the AuNR, at wavelengths of 726 and 800 nm for AuNSTs and AuNRs, respectively.

the irradiation wavelength exceeded 500 nm, so that the excita-
tion included not only the LSPR of AuNSTs but also selectively
activated the d—d transitions of Ni in an Oh configuration the
result of NH; production reached a value close to that obtained
with the wider spectral range, from 350 nm wavelength, with 196
pmol g, = h~1.#647] Considering a 10% transmittance loss due
to the use of the optical filter in the 500-2400 nm range (Figure
S12, Supporting Information), these results suggest that the most
relevant contribution to the catalytic performance of these struc-
tures arises from the interaction between the d-d transitions of
Ni and the plasmonic component.

To gain deeper insight into the mechanism behind N, pho-
toreduction, we conducted control experiments to detect reac-
tive oxygen species (ROS).*8] The primary ROS identified were
the hydroxyl radical (OH'), formed when H,O molecules in-
teract with photogenerated holes, as evidenced by the conver-
sion of terephthalic acid (TA) into its fluorescent derivative, 2-
hydroxyterephthalic acid (2-HTA) (Figure 7b, Figure S13, Sup-
porting Information). Additionally, we examined the superox-

Adv. Optical Mater. 2025, 13, €02759 €02759 (8 of 12)

ide radical (O, 7), which arises from the reduction of dissolved
oxygen by photogenerated electrons, by tracking the transfor-
mation of Nitro Blue tetrazolium (NBT) into its formazan form
(Figure 7c; Figure S14, Supporting Information). Our results con-
firmed the presence of both species under photocatalytic condi-
tions in an O, and N, atmosphere, exhibiting the same trend.
This suggests that, regardless of the gas environment, the elec-
trons photogenerated from AuNSTs were injected into the d—d
transitions of Ni and subsequently used for N, reduction to NH;.
Meanwhile, OH" radicals likely formed either through the inter-
action of hot holes with water molecules or via the decomposition
of photogenerated H,0,.[*]

Finally, Figure 8 provides a graphical representation of our
proposed breakdown of the mechanistic contributions to the re-
action. The band structures, including higher binding energy
(BEH) and lower binding energy (BEL), were estimated from
the intersections in Figure S14 (Supporting Information). The
valence band potentials (EVB) and conduction band potentials
(ECB) were obtained from UV photoelectron spectroscopy (UPS)
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Figure 7. a) Photocatalytic results of the AUNST@NIZIF-8 hybrid obtained upon irradiation in different regions of the solar spectrum. Reaction con-

ditions: m,; = 0.5 mg, V,

reactor

=3 mL, T=20°C, t =1 h. b) Fluorescence spectroscopy detection of OH" through the formation of 2-HTA. ¢) O, ~

detection through its reaction with NBT using absorption spectroscopy. The solid and dotted lines illustrate the photoreaction of the molecules under
N, and O, atmospheres, respectively, in the presence of the AUNST@NiZIF-8 photocatalyst.

measurements (Figure S15, Supporting Information), while the
bandgap energies were calculated by the Tauc plot method. We
note, however, that extracting absolute band-edge values from
UPS of powders is not without limitations, due to surface con-
tamination (e.g., adventitious carbon), charging effects, and sen-
sitivity to baseline scaling. For this reason, in Figure S15 (Sup-
porting Information) we emphasize only the relative spectral dif-
ferences among samples, while avoiding over-interpretation of
absolute energy positions. Accordingly, UPS is used here qualita-
tively, supporting the presence of Ni-induced mid-gap states and
subtle Au-Ni electronic interactions, while the main mechanis-
tic interpretation relies on the more robust evidence from XPS,
UV-Vis DRS, and photocatalytic wavelength-dependence.
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Figure 8. Proposed mechanism for the plasmon-assisted photocatalytic
N, reduction to NH;.
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Therefore, we propose that two basic mechanisms under-
lie the photocatalytic improvement when using encapsulated
AuNST@NiZIF-8. The first is the straightforward enhancement
of Ni absorption, thus improving the efficiency of the metal cen-
ter catalysts through the nanoantenna effect of the AuNP. The
strong hot spots at the tips of the AuNSTS;, their large multiplicity,
and their better spectral alignment with the 580 nm Ni absorp-
tion line, suggest this geometry as a strong candidate for enhanc-
ing the promotion of excited states in the Ni. The other mecha-
nism is the injection of both electrons and holes from the metal
to the molecular framework, driving the required redox reactions
(N, reduction and H, O oxidation, respectively). Given the energy
alignment that we expect from the bands of the different materi-
als, as seen in Figure 8, we would expect that the electrons origi-
nated in the Au would traverse to nearby orbitals at the Ni atoms,
which introduce states within the broad ZIF-8 bandgap. On the
other hand, high-energy holes excited in the metal could be ex-
pected to traverse into the ZIF-8 valence band, or trigger surface
oxidation processes directly on the metal surface.

According to this mechanistic scheme, the system depends
on the mid-bandgap states introduced by the Ni in the ZIF-8.
These would be populated by the injection of high-energy car-
riers excited at the surface of the plasmonic nanostructures. See
Figure 6b for the simulated spectral response of their excitation
rates. The presence of the Ni states within the ZIF-8 bandgap
is evidenced by the additional absorption lines present in the
NiZIF-8 system, as shown in Figure 3d. To further support their
presence, and explore some of its properties, we performed first-
principles simulations contrasting pristine ZIF-8 and NiZIF-8.
Description of the computational details can be found in the Sup-
porting Information,[**3 and a summary of the results compar-
ing both systems is presented in Figure 9. The single cell for both
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Figure 9. Density Functional Theory results. Optimized atomic structure of the a) ZIF-8 and d) NiZIF-8 unit cell. Herein, Ni, Zn, N, C, and H atoms
are represented by magenta, green, blue, black, and yellow spheres, respectively. Supercells with 2 x 2 x 2 unit cells for can be found in Figure S17
(Supporting Information). The local environment of the position hosting the Ni can be seen for the b) pristine ZIF-8 and e) NiZIF-8, showing minor
structural modifications due to doping. Electronic band structures for c) pristine ZIF-8 and f) Ni-doped ZIF-8.

systems is presented in Figure 9a,d. The doped system, with a Ni
atom substituting a Zn, undergoes minor structural changes, as
illustrated by the comparison between Figure 9b,e. The electronic
changes, however, are more significant. These can be appreciated
in the comparison between Figure 9¢,f. We found a bandgap of
4.46 eV for pristine ZIF-8, and an effective reduction of this mag-
nitude upon the introduction of Ni-states in the NiZIF-8 system.
The presence of these localized states in the band gap open up
new absorption lines in the structure, as seen experimentally, and
can also serve as reduction centers, as suggested in Figure 8.

To gain a deeper insight into the electronic structure of the
crystal, we mapped key electronic states for both pristine and
doped configurations. Figures S18 and S19 (Supporting Informa-
tion) show the wavefunctions of selected electronic states around
the bandgap for pristine ZIF-8 and NiZIF-8 systems, respectively,
evaluated at I'-point. One can see the extended nature of the states
corresponding to the valence and conduction band of ZIF-8 and
NiZIF-8, and how the states in the bandgap of NiZIF-8 are lo-
calized around the Ni atom. In Figure S18 (Supporting Infor-
mation) (pristine ZIF-8), electronic orbitals in the valence band
are evenly delocalized over the z-conjugated organic linkers, in-
dicating strong ligand-centered character. The conduction band
orbitals (CB1 and CB2), display a more spatially diffused distri-
bution, extending over both the ligand framework and regions
near the metal centers, suggesting a mixed orbital character that
may facilitate charge separation. From Figure S19 (Supporting

Adv. Optical Mater. 2025, 13, €02759 €02759 (10 of 12)

Information), we can see that Ni doping does not lead to no-
table alterations in the character of these states, but introduces
five strongly localized Ni states, three of them close to the Fermi
energy. This localization indicates an enhanced metal-centered
character, which is absent in the pristine ZIF-8 system at the band
edges. Finally, a general point regarding the band structure of
both MOFs is the low band dispersion across k-points, which in-
dicates a low charge mobility. This may suggest a relatively local
effect of the plasmonic enhancement, be it through charge injec-
tion of promoting optical transitions within the MOF.

3. Conclusion

In summary, Au@NiZiF-8 hybrid nanoarchitectures were suc-
cessfully developed for photocatalytic N, reduction to NH; using
solar light. Among the evaluated morphologies, nanocomposites
incorporating AuNST exhibited the highest photocatalytic activ-
ity, reaching 206.92 + 10.3 umol g, ~' h~'. Moreover, these hybrid
nanostructures demonstrated excellent structural stability, main-
taining consistent performance over three consecutive cycles. Ad-
vanced characterization and computational simulations validated
the observed photocatalytic efficiency. Wavelength-dependent
studies revealed a synergistic interplay between two key mech-
anisms. First, the nanoantenna effect of AuNSTs enhances Ni
absorption, optimizing metal center efficiency. Second, charge
transfer occurs as hot electrons and holes move from Au to Ni
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d-d transitions in the ZIF-8 framework, facilitating redox reac-
tions and promoting efficient N, reduction. Overall, the results of
this study emphasize the importance of precise structural design
in the development of plasmonic nanoparticles/MOF hybrids,
providing a promising pathway for achieving scalable photocat-
alytic nitrogen reduction.

Supporting Information

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