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induced selective growth of
rhodium on gold nanobipyramids for plasmon-
enhanced nitrogen fixation†

Henglei Jia, ‡a Fan Li,‡a Yuanyuan Yang,a Mengxuan Zhao,a Jingzhao Lia

and Chun-yang Zhang *ab

The construction of an antenna–reactor plasmonic photocatalyst that is composed of a plasmonic and

a catalytically active metal holds great promise in driving N2 photofixation, but its photocatalytic

performance is highly dependent on the spatial distribution of the two components. Up to now, the

fabrication of dumbbell-shaped nanostructures featuring spatially separated architecture has remained

challenging. Herein, we develop a facile synthetic strategy for the site-selective growth of a Rh

nanocrystal ‘reactor’ on two tips of an Au nanobipyramid (NBP) ‘antenna’ through the precise

manipulation of steric hindrance toward Rh overgrowth. The obtained Au NBP/tip-Rh nanodumbbells

(Au NBP/tip-Rh NDs) can function as an excellent antenna–reactor plasmonic photocatalyst for N2

photofixation. In this scenario, the Au nanoantenna harvests light and generates hot electrons under

plasmon resonance, meanwhile the hot electrons are transferred to the active sites on Rh nanocrystals

for N2 reduction. In comparison with that of classical core@shell nanostructures, the spatially separated

architecture of the Au NBP/tip-Rh NDs facilitates charge separation, greatly improving the photocatalytic

activity. This study sheds new light on the structure–function relationship for N2 photofixation and

benefits the design and construction of spatially separated plasmonic photocatalysts.
Introduction

N2 xation, the conversion of naturally abundant N2 to NH3, is an
essential process inmodern society because NH3 is a fundamental
building block for the synthesis of fertilizers and industrial
chemical stock.1–3 NH3 is emerging as an alternative hydrogen
carrier due to its properties of high hydrogen capacity (17.6 wt%),
low liquefaction pressure (∼8 atm), and ease of storage and
transportation.4 Although N2 accounts for about 78% of the
Earth's atmosphere, the direct utilization of N2 remains chal-
lenging because N2 is extremely stable with a N^N bond disso-
ciation energy of 941 kJ mol−1 and a large energy gap of 10.82 eV
between the HOMO and LOMO.5 NH3 synthesis is industrially
accomplished by the energy and carbon-intensive Haber–Bosch
process, which results in large energy consumption and CO2

emissions. Therefore, the development of a zero-carbon emission
NH3 synthetic strategy is highly desired. Articial photosynthesis
of NH3 by using renewable solar energy andH2O as the energy and
and Materials Science, Shandong Normal

zhang@sdnu.edu.cn

ineering, Southeast University, Nanjing

tion (ESI) available. See DOI:

is work.

664
proton sources has provoked much attention recently,6–11 but
traditional photocatalysts are hampered by their weak interaction
with N2 and a large reaction activation barrier. Theoretically,
transition metal-based catalysts, such as Ru, Rh, and Re, are the
most promising materials for N2 xation.12 When a N2 molecule
interacts with a transition metal catalyst, N2 donates electrons
from its bonding orbitals to the metal and accepts electrons into
its antibonding orbitals, known as back donation.13 This back
donation effect can weaken the N^N bond and facilitate the
cleavage of N2. However, the poor light-harvesting capability of
these transition metal-based catalysts limits their applications in
N2 photoxation.

The construction of antenna–reactor photocatalysts through
the integration of a catalytically active metal with a strongly light-
harvesting plasmonic metal holds great promise for both efficient
light harvesting and high catalytic activity.14–17 Plasmonic metal
nanocrystals (e.g., Au, Ag, and Cu) possess localized surface plas-
mon resonance (LSPR) property, which arises from the collective
oscillations of free electrons conned in metal nanocrystals under
resonant excitation.18–20 LSPR can give rise to a strong electro-
magnetic eld at the nanoscale and thereaer enhance the light-
matter interaction of metal nanocrystals. More importantly, plas-
monic hot electrons and holes are generated through plasmon
excitation decay.18 These energetic charge carriers are readily
transferred to adjacent metals or directly utilized for chemical
reactions. Among various plasmonic noble metal nanocrystals, Au
© 2023 The Author(s). Published by the Royal Society of Chemistry
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NBPs have recently received increasing attention owing to their
unique architecture and the presence of high-index facets.21–25

Therefore, the integration of Au NBPs with catalytically active
metals (e.g., Rh) for N2 reduction holds great promise for driving
N2 photoxation under ambient conditions.

Precisely manipulating the architecture of bimetallic nano-
crystals is of great importance to their photocatalytic
performance.26–28 In comparison with traditional core@shell
nanostructures, spatially separated nanoarchitectures are more
attractive, because they allow hot charge carriers to take part in
reduction and oxidation reactions at different active sites
independently.29–31 Among different types of spatially separated
architectures, dumbbell-shaped nanostructures offer signi-
cant benets for charge separation in the photocatalytic N2

reduction process.32–38 As revealed by theoretical calculations,
the sharp tips of Au NBPs can generate extremely large local
electric eld enhancement and the deposition of catalytically
active metals at the hotspots is benecial for the photocatalytic
reaction.21,39 Despite much promise, selective growth of Rh
nanocrystals on two tips of Au NBPs remains challenging due to
the lack of a wet-chemistry synthesis method.

In this work, we present a facile method for the selective
growth of Rh nanocrystals on two tips of Au NBPs to fabricate Au
NBP/tip-Rh NDs. The formation of a large steric hindrance at
the middle of Au NBPs is vital for selective growth, which is
achieved by employing benzyldimethylhexadecylammonium
chloride (16-BAC) molecules as the surfactant. Since Rh nano-
crystals tend to aggregate in small sizes, the large benzyl group
in the 16-BAC molecules presents a large steric hindrance to
block the deposition of Rh on the side surface. The unique
architecture endows the obtained Au NBP/tip-Rh NDs with
excellent photocatalytic performance toward N2 xation.
Beneting from the spatially separated architecture, the Au
NBP/tip-Rh NDs exhibit a N2 photoxation activity of 114.33
mmol h−1 g−1, which is 8.0 and 2.0-fold compared with those of
Rh nanocrystals and core@shell nanostructures.

Results and discussion

The Au NBP/tip-Rh NDs are prepared through the selective
growth of Rh nanocrystals on two tips of Au NBPs (Fig. 1). The
pregrown Au NBPs are stabilized with the surfactant cetyl-
trimethylammonium bromide (CTAB) molecules. In the
absence of 16-BAC, Rh nanocrystals are prone to nucleation on
the whole surface of Au NBPs to obtain the core@shell nano-
structures. Since Rh nuclei are generally very small, the small
steric hindrance of CTAB molecules can hardly prevent the
deposition of Rh nuclei on the side surface, and subsequently
core@shell nanostructures are formed. 16-BAC molecules have
a similar molecular structure to CTAB. A big difference lies in
that 16-BAC molecules possess a large benzyl headgroup but
CTAB molecules have a small methyl group. The presence of 16-
BACmolecules facilitates the selective growth process. First, the
large headgroup of 16-BAC molecules can block the entrance of
Rh nuclei into the side surfaces of Au NBPs. At an appropriate
concentration, the density of 16-BACmolecules at the two tips is
smaller than that on the side surface due to the curvature
© 2023 The Author(s). Published by the Royal Society of Chemistry
difference,34 which provides an opportunity for Rh nucleation at
the two tips. Second, 16-BAC has a stronger capability of
stabilizing the Rh precursor than CTAB due to the larger
headgroup. The strong bonding capability reduces the number
of nucleations and slows down the growth rate of Rh. Upon the
nucleation of Rh nanocrystals at the two tips, further deposition
of Rh will occur on the original Rh nuclei because of the smaller
interfacial free energy than the Au–Rh interface. In addition, the
presence of NaI during the synthesis facilitates the epitaxial
overgrowth of Rh on Au NBP.40 First, the complexation of I− ions
with Rh3+ ions can decrease the nucleation rate of Rh nano-
crystals by decreasing the reduction potential. Second, the I−

ions possess strong interaction with Au, which can direct the
growth of Rh on Au NBPs. Third, the presence of the I−/I2 red/ox
pair makes I− ions a good candidate as a reduction/oxidation
agent for the activation of the Au surface. Accordingly, Rh
nanodomains are formed at two tips of Au NBPs to obtain the
Au NBP/tip-Rh NDs.

The starting Au NBPs with a vefold rotational symmetry
structure were prepared using a seeded growthmethod (Fig. 2a).
The as-prepared Au NBPs possess a uniform morphology and
a narrow spectral linewidth, with the average length and
diameter at the middle being 110.8± 2.9 nm and 35.5± 1.9 nm,
respectively. The excellent monodispersity of Au NBPs provides
an ideal platform for Rh selective growth on Au NBPs. The
representative transmission electron microscopy (TEM) image
of the obtained Au NBP/tip-Rh NDs clearly demonstrates that
Rh nanocrystals have been successfully grown on two tips of Au
NBPs (Fig. 2b). The Rh nanocrystals exhibit a snowake
morphology with a diameter of 36.9± 3.2 nm and are composed
of many small dendritic Rh nanostructures (Fig. 2c). Aer the
growth of Rh nanocrystals, a redshi for plasmon resonance
wavelength occurs due to the change of the dielectric constant
at the two tips (Fig. S1†). To further verify the dumbbell-shaped
nanostructures, we carried out high-angle annular dark-eld
scanning transmission electron microscopy (HAADF-STEM)
imaging and energy-dispersive X-ray (EDX) elemental mapping
(Fig. 2d). Evidently, the EDX elemental mapping results reveal
the bipyramidal Au core and well-dened Rh nanodendrite-
tipped caps, suggesting the formation of dumbbell-shaped
nanostructures. In addition, the crystalline properties of Au
and Rh are conrmed by aberration-corrected high-resolution
TEM (HRTEM) imaging (Fig. 2e). An aberration-corrected
HRTEM image clearly demonstrates that the Rh cap consists
of many dendritic nanostructures with a diameter of about 1–
3 nm. The formation of dendritic structures is attributed to the
large lattice mismatch (∼7%) between Au and Rh.40 Dendritic
nanostructures with porous channels of Rh nanocrystals are
supposed to be ideal architectures for catalysis.

To examine the structure and composition of the Au NBP/tip-
Rh NDs, we performed X-ray diffraction (XRD) and X-ray
photoelectron spectroscopy (XPS) (Fig. 3). There are two sets
of diffraction patterns in the XRD spectrum, consistent with the
combination of standard powder diffraction patterns of Au
(JCPDS #4-784) and Rh (JCPDS #5-685), suggesting the highly
crystalline nature of the dumbbell-shaped structure (Fig. 3a).
Analogously, the survey XPS spectrum further conrms the
Chem. Sci., 2023, 14, 5656–5664 | 5657
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Fig. 1 Schematic illustration of the growth behaviors of Rh nanocrystals on Au NBPs in the presence of either CTAB or 16-BAC surfactants.
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presence of Au and Rh in the Au NBP/tip-Rh ND sample
(Fig. S2†). The high-resolution Au 4f XPS spectrum presents two
strong peaks located at 83.8 eV (Au 4f7/2) and 87.5 eV (Au 4f5/2),
suggesting the metallic Au0 state (Fig. 3b).24 The Rh 3d XPS
spectrum can be tted with four peaks (Fig. 3c). Two peaks
Fig. 2 Dumbbell-shaped Au/Rh nanostructures. (a and b) TEM image
a representative Au NBP/tip-Rh ND. (d) HAADF-STEM image and the c
Aberration-corrected HRTEM image at the Au–Rh interface.

5658 | Chem. Sci., 2023, 14, 5656–5664
(307.1 eV and 311.9 eV) originate from the Rh0 state, while the
other two peaks (308.1 eV and 313.1 eV) are assigned to the Rh3+

state.41,42 The Rh0/Rh3+ ratio is 54 : 46 calculated by integrating
the peak areas. The appearance of Rh3+ peaks arises from the
surface oxidation of the dendritic Rh nanocrystals,42 because
s of the Au NBPs (a) and Au NBP/tip-Rh NDs (b). (c) TEM image of
orresponding EDX elemental maps of a single Au NBP/tip-Rh ND. (e)

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Structure and chemical composition of the Au NBP/tip-Rh NDs. (a) XRD patterns. (b) High-resolution Au 4f XPS spectrum. (c and d) High-
resolution Rh 3d XPS spectra before (c) and after (d) the Ar+ ion sputtering experiments.
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XPS is only sensitive to the surface of materials.10 Aer the Ar+

ion sputtering, the Rh0/Rh3+ value is 92/8 (Fig. 3d), indicating
that the dominant form of Rh is metallic Rh.

The unique dumbbell-shaped architecture of the Au NBP/tip-
Rh NDs holds great promise for driving N2 photoxation as an
antenna–reactor photocatalyst. To evaluate the photocatalytic
performance of the dumbbell-shaped nanostructures, we per-
formed N2 xation experiments under visible-NIR light (l > 420
nm) illumination (Fig. S3†). To close the photocatalytic cycle,
methanol was employed as the hole scavenger. For better
comparison, we prepared four other catalysts, including pure
Au NBPs, Rh nanocrystals (Fig. S4 and S5†), a mixture of Au
NBPs with Rh nanocrystals, and Au NBP@Rh core@shell
nanostructures (Fig. S4†). The exact weights of the photo-
catalysts were determined by inductively coupled plasma
optical emission spectroscopy (ICP-OES) (Fig. S6 and Table S1†).
Prior to the N2 xation experiments, a linear calibration rela-
tionship was rst precalibrated, and the generated NH3

amounts were determined by the indophenol-blue method
(Fig. S7†).

The spatially separated design of dumbbell-shaped nano-
structures is advantageous for charge separation and may serve
as an ideal platform for the study of structure–function rela-
tionship. As displayed in Fig. 4a, the generated NH3 amounts on
different catalysts gradually increase with the illumination
time, suggesting that NH3 originates from the photocatalytic
reduction of N2. The Au NBP and Rh nanocrystal samples
exhibit very weak photocatalytic activities due to the lack of
active sites or poor light-harvesting capability. The improve-
ment of the N2 xation activity is small by simply mixing the Au
NBPs with Rh nanocrystals, suggesting that the antenna–reactor
mechanism does not function without direct contact through
© 2023 The Author(s). Published by the Royal Society of Chemistry
a sharing interface. Impressively, the Au NBP/tip-Rh NDs
exhibit a superior photocatalytic activity toward N2 xation. The
N2 xation rate of the Au NBP/tip-Rh NDs is 114.33 mmol h−1

g−1, which is 8.0 and 2.0-fold compared with those of Rh
nanocrystals and the core@shell nanostructures (Fig. 4b). The
improvement in the photocatalytic performance is ascribed to
the spatially separated architecture of the dumbbell-shaped
nanostructures. To gain more insight, we carried out photo-
current measurements at the open-circuit potential to investi-
gate the charge separation in the dumbbell-shaped and
core@shell nanostructures. As displayed in Fig. S8†, the
photocurrent generated by the dumbbell-shaped nano-
structures is 2.1-fold higher than that generated by the core@-
shell nanostructures, suggesting that the spatially separated
architecture facilitates charge separation in the photocatalytic
process. Control experiments conrm that there is no NH3

production under these conditions: (a) without catalysts, (b)
without illumination, and (c) replacement of N2 with Ar as the
feeding gas, suggesting that the product NH3 originates from
the photocatalytic reduction of N2 on the Au NBP/tip-Rh NDs
(Fig. S9†). The NH3 generation rate drops to 45.4% (51.9 ± 17.3
mmol h−1 g−1) in the absence of the sacricial agent, implying
the importance of the sacricial agent in N2 xation. To further
trace the source of NH3, we carried out the isotope labelling
experiments by conducting N2 xation under 14N2 and 15N2

atmospheres, respectively (Fig. 4c). The products in the reaction
solutions were analysed using the 1H NMR spectrum. Under
a 14N2 atmosphere, triple peaks appear in the 1H NMR spec-
trum, consistent with the peaks of standard 14NH4Cl solution.
When 15N2 is employed as the nitrogen source, only double
peaks are detected, which are identical to those of the standard
15NH4Cl solution. The isotope labelling experiments further
Chem. Sci., 2023, 14, 5656–5664 | 5659
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Fig. 4 N2 photofixation under visible-NIR light illumination. (a) NH3 productions as a function of time for different catalysts. (b) Comparison of
the NH3 production rates on different catalysts. (c) Isotope labelling experiments. (d) Detection of possible N2H4 in the reaction system. The
standard N2H4 solution has an absorption peak at 455 nm.
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verify that the generated NH3 is derived from the reduction of
N2 rather than contamination or other sources. In addition, the
absence of N2H4 in the reaction solution underlines the high
selectivity of the N2 photoxation on the Au NBP/tip-Rh NDs
(Fig. 4d).

Notably, one of the great challenges in N2 photoxation is the
competition between NH3 synthesis and H2 evolution.7 To further
determine the selectivity of the Au NBP/tip-Rh ND photocatalyst,
we performed the N2 photoxation experiment in a gastight glass
reactor under a N2 atmosphere and analyzed the generated H2

using an off-line gas chromatograph (Fig. S10†). The generation
rate is 61.2 mmol h−1 g−1 for NH3 and 7.8 mmol h−1 g−1 for H2.
Since 2e− and 3e− are required for the generation of one H2 or one
NH3 molecule, the selectivity of NH3 was calculated on the basis of
the consumed electrons.35 The selectivity of NH3 is 92.2%, sug-
gesting the presence of a competitive H2 evolution side reaction.
Even though the reduction of H2O is the main bottleneck for NH3

synthesis, the products are readily separated because NH3 is highly
soluble. To conrm the stability of the Au NBP/tip-Rh ND sample
in the photocatalytic process, the catalyst was recovered and
characterized aer a typical photocatalytic reaction (Fig. S11–
S13†). No obvious morphological and structural changes are
observed, suggesting the excellent stability of the catalyst. More-
over, the photocatalyst exhibits good recyclability, with the pho-
tocatalytic activity remaining unchanged aer three successive
cycles (Fig. S14†). The contact area between the two components in
5660 | Chem. Sci., 2023, 14, 5656–5664
the bicomponent plasmonic nanocrystals may affect the photo-
catalytic performance, especially in those metal/semiconductor
nanostructures with a Schottky junction, because the Schottky
barrier only allows hot electrons with sufficient energy to be
utilized. It has been reported previously that an appropriate
contact area is crucial to photocatalytic activity in the Janus Au–
Cu2O nanostructures, striking a balance between the Schottky
contact area and charge dissipation.31 In stark contrast, there is an
absence of the Schottky barrier at the Au–Rh interface. Direct
electron transfer from Au nanoantennas to Rh reactors can easily
elevate the transfer efficiency. In addition, the plasmonic energy
can transfer to the catalytic metal even if there is no direct contact
between the antenna and reactor.43 Moreover, an extremely high
electromagnetic eld generated at the tips and Rh nanocrystals
located at the hotspots of Au NBPs are benecial for the photo-
catalytic activity.

The excellent photocatalytic performance of the dumbbell-
shaped nanostructures benets from the antenna–reactor
photocatalytic mechanism. To ascertain whether the photo-
catalytic reaction is driven by the LSPR of Au NBPs, we per-
formed the N2 xation experiments under the illumination of
different monochromatic lights and calculated the apparent
quantum efficiencies (AQEs). Fig. 5a displays the action spec-
trum of the Au NBP/tip-Rh NDs for N2 photoxation. Notably,
the AQE values obtained at different wavelengths faithfully
follow the absorption spectrum of Au NBPs, conrming the
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Plasmon-driven N2 photofixation. (a) Extinction (left) and AQE action (right) spectra of the Au NBP/tip-Rh NDs. (b) NH3 generation rates
under different light intensities. (c) Schematic model of the Au NBP/tip-Rh ND structure used for FDTD simulations. (d and e) FDTD-simulated
electric field intensity enhancement contours under the longitudinal (c) and transverse excitations, respectively.
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plasmon-driven N2 photoxation process. Specically, the AQE
value is 0.57& at 940 nm, which is comparable to that of
representative work on N2 photoxation with AuRu core-
antenna nanostructures as the photocatalyst.8 The AQE action
spectra also suggest that the N2 photoxation is mainly driven
by NIR light, different from those catalysts which can only
harvest visible light for photocatalysis. Previous studies have
shown that plasmonic nanocrystals can accelerate chemical
reactions through either plasmonic photocatalysis or the pho-
tothermal heating effect.44,45 In the N2 photoxation experi-
ments, the temperature of the reaction solution is kept at 25 °C
by using a water-circulation cooling system. To distinguish the
contribution of plasmonic photocatalysis and photothermal
heating, we carried out N2 xation experiments in water baths
set at different temperatures without illumination (Fig. S15†).
In comparison with those under light illumination, the photo-
catalytic activities in water baths are very low. In addition, the
core@shell nanostructures have the same photothermal effect
as the dumbbell-shaped nanostructures, but they display lower
photocatalytic activity under illumination. Although the pho-
tothermal heating effect can hardly be ruled out, these results
suggest that plasmon-driven photocatalysis makes a dominant
contribution to the excellent activity of the Au NBP/tip-Rh NDs.

Plasmon can drive chemical reactions via two classes of
mechanisms including the energy transfer mechanism43,46–48 and
charge transfer mechanism.44,45,49 We further investigated the
underlying mechanism of plasmon-driven N2 photoxation. On
the one hand, we studied the dependence of the NH3 production
rate upon light intensity to corroborate the contribution of plas-
monic hot electrons (Fig. 5b). An approximately linear relationship
between the reaction activity and the light intensity substantiates
the crucial contribution of plasmonic hot electrons to photo-
catalytic activity, because the linear dependence is a signicant
indicator for the electron-driven chemical reaction.50,51 On the
other hand, the plasmon-induced resonance energy transfer
© 2023 The Author(s). Published by the Royal Society of Chemistry
(PIRET) process can contribute to the plasmonic photocatalysis. To
gain a deep insight into the contribution of the PIRET process, we
carried out nite-difference time domain (FDTD) simulations to
investigate the electromagnetic eld enhancement around the
dumbbell-shaped nanostructures (Fig. 5c–e). The representative
dumbbell-shaped nanostructures were modelled on the basis of
the measured geometrical parameters. The electromagnetic eld
distribution of the Au NBP/tip-Rh NDs was calculated at their
plasmon wavelength of 900 nm in two polarization directions. As
revealed by the FDTD results, the largest electromagnetic eld
enhancement is located at the tips of Au NBPs. The excellent
photocatalytic activity of the Au NBP/tip-Rh NDs can be ascribed to
the strong electromagnetic eld enhancement, since the Rh
reactor is just located at the hotspot of Au NBPs. The strong local
eld enhancement can focus light energy onto the Rh catalyst,
which efficiently boosts the generation of hot charge carriers and
subsequently promotes the photocatalytic activity. Consequently,
both hot electron transfer and PIRET processes have signicant
inuence on the plasmonic photocatalysis. In fact, the plasmon-
driven chemical reaction is a much more complex process, and
it remains elusive to differentiate the contributions of energy
transfer and charge transfer to the photocatalytic activity. In future
work, we should focus on the study of quantifying charge transfer
and energy transfer contributions in plasmon-driven
photocatalysis.

To gain a deep insight into the N2 adsorption and activation
processes on the Au NBP/tip-Rh NDs, we conducted both
experimental and theoretical studies. First, to clarify the inter-
action of N2 with the photocatalyst, we investigated the active
sites for N2 adsorption and activation using density functional
theory (DFT) calculations (Fig. 6a–d). The adsorption energies of
N2 on Au and Rh are −0.81 eV and −1.06 eV, respectively. The
more negative adsorption energy suggests that the active site for
N2 xation is on Rh in Au NBP/Rh NDs. Such a strong interac-
tion of N2 with Rh facilitates the electron transfer from the
Chem. Sci., 2023, 14, 5656–5664 | 5661
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active sites of Rh to N2 molecules. To gain a deeper under-
standing of the N2 activation process, we conducted low-
temperature Fourier-transform infrared (LT-FTIR) experiments
under Ar and N2 atmospheres, respectively (Fig. 6e). Under the
Ar atmosphere, only a negative band at 2368 cm−1 that corre-
sponds to the deduction of environmental CO2 can be detected.
In contrast, an obvious vibration peak at 2248 cm−1 appears
under the N2 atmosphere, suggesting that the N2 molecule
chemisorbs on the catalyst via an end-on rather than side-on
conguration to form a Rh–N2 complex. The LT-FTIR experi-
ments clearly conrm the activation process of N2 on the Au
NBP/Rh NDs. Aer identifying the Rh active sites, we further
investigated the reaction pathways of N2 reduction on the Au
NBP/tip-Rh ND catalyst by using DFT calculations. The reduc-
tion of N2 to NH3 can go through three classes of pathways
including dissociative, distal, and alternating pathways.52 Since
the dissociative pathway requires a large amount of energy to
Fig. 6 Mechanism for N2 photofixation on Au NBP/tip-NDs. (a and b) N2

(b)). (c and d) N2 adsorption on Rh in the Au NBP/tip-Rh NDs (top view (c)
Ar and N2 atmospheres, respectively. (f) Gibbs free-energy diagrams of th
distal pathways. (g) Schematics illustrating the charge carrier separation

5662 | Chem. Sci., 2023, 14, 5656–5664
break the N^N triple bond, the N2 reduction reaction is
generally conducted at high temperatures and high pressures
(e.g., the traditional Haber–Bosch process). We calculated the
Gibbs free energy changes in the alternating and distal path-
ways on the Au NBP/tip-Rh ND catalyst. As displayed in Fig. 6f,
the rate-determining steps in alternating and distal pathways
are both the desorption of the rst NH3 from the Au NBP/Rh
NDs. The uphill energy is 0.67 eV for the alternating pathway
and 0.50 eV for the distal pathway, revealing that the distal
pathway is the most favourable path for N2 reduction on the Au
NBP/tip-Rh NDs. In addition, the calculation results corroborate
the fact that there is an absence of byproduct N2H4 in this
system. It has been reported that the desorption of *NH2NH2 to
obtain byproduct N2H4 is a highly endothermic step.53 As
a competitive reaction, the further hydrogenation of *NH2NH2

on the Au NBP/tip-Rh NDs is exothermic, suggesting that NH3
adsorption on Au in the Au NBP/tip-Rh NDs (top view (a) and side view
and side view (d)). (e) LT-FTIR spectra of the Au NBP/tip-Rh NDs under
e N2 photofixation on the Au NBP/tip-Rh NDs through alternative and
behaviour in the Au NBP/tip-Rh NDs.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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rather than N2H4 is more readily generated in this photo-
catalytic system.

Based on the above experimental and theoretical results,
a rational mechanism for the N2 photoxation on the Au NBP/
tip-Rh NDs is proposed (Fig. 6g). The N2 molecule chemisorbs
on the active sites on Rh via an end-on conguration to form
a Rh–N2 complex. The strong interaction of N2 molecules with
the Rh catalyst weakens the N^N triple bond and activates the
N2 molecules. Under plasmon resonance, hot electrons and
holes are generated in Au NBPs. Hot electrons are transferred to
the Rh catalyst for the reduction of N2 to NH3 via the associative
distal mechanism, while hot holes are consumed on the side
surface of Au NBPs to close the photocatalytic cycle. The
antenna–reactor system combined with plasmonic Au NBPs
with desired catalytically active Rh nanocrystals efficiently
harnesses the light harvesting and facilitates the energy transfer
from the Au NBPs to the Rh catalyst for superior N2 photoxation.
Moreover, the spatially separated architecture of the dumbbell-
shaped nanostructures facilitates charge separation and
promotes the catalytic performance.

Conclusions

In summary, we have developed a synthetic strategy to fabricate
dumbbell-shaped Au/Rh nanostructures through the site-selective
growth of Rh nanocrystals on two tips of Au NBPs. The 16-BAC
molecules with a benzyl headgroup can generate a large steric
hindrance at the middle of Au NBPs, facilitating the preferential
nucleation of Rh at the tips and the formation of dumbbell-
shaped architecture. The rational combination of plasmonic Au
NBPs with desired catalytically active Rh nanocrystals to form an
antenna–reactor system can not only efficiently harness the light
harvesting for hot electron generation but also improve the cata-
lytic activity toward N2 photoxation. More importantly, the
dumbbell-shaped nanostructures featuring spatially separated
architecture allow hot charge carriers to take part in the reduction
and oxidation half-reactions at different active sites indepen-
dently, greatly enhancing the charge separation and promoting
the catalytic activity. The N2 photoxation activity of the
dumbbell-shaped nanostructures is 8.0 and 2.0-fold higher
compared with those of Rh nanocrystals and the core@shell
nanostructures. This merit results from the rational design of the
antenna–reactor system and the spatially separated architecture
of the dumbbell-shaped nanostructures. Since there are also ve
tips at the middle of Au NBPs due to the vefold rotational
symmetry, the selective deposition of Rh at all seven tips is much
more intriguing. Our future work should focus on the combina-
tion of hard templates with so templates to fabricate 7 tip-coated
Au NBPs. Above all, our study sheds new light on the precise
manipulation of the active site spatial distribution in N2 photo-
xation and offers instructive guidance for the design and
construction of antenna–reactor plasmonic photocatalysts.

Data availability
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