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Photoexcitation of noble metal nanoparticles creates surface plas-
mons which further decay to form energetic charge carriers. These
charge carriers can initiate and/or accelerate various chemical pro-
cesses at nanoparticle surfaces, although the efficiency of such
processes remains low as a large fraction of these carriers recom-
bine before they can reach the reaction sites. Thus efficient utiliz-
ation of these charge carriers requires designing nanostructures
that promote the separation of charges and their transport toward
the reaction sites. Here we demonstrate that covalently bound
surface-coating ligands with suitable orbital alignment can provide
electron transport channels boosting hot electron extraction from
a gold nanostructure leading to a huge enhancement in the rate of
hydrogen evolution reaction (HER) under NIR excitation. A (p)Br-
Ph-SH substituted gold nanoprism (AuTP) substrate produced
~4500 fold more hydrogen compared to a pristine AuTP substrate
under 808 nm excitation. Further experimental and theoretical
studies on a series of substituted benzene-thiol bound AuTP sub-
strates showed that the extent of the ligand-mediated HER
enhancement depends not only on the polarity of the ligand but
on the interfacial orbitals interactions.

Introduction

Plasmonic nanoparticles have emerged as potential photocata-
lysts owing to their strong yet tunable absorption profile across
a broad solar spectrum and their exceptional photochemical
stability." '® Photoexcitation of these nanoparticles creates
surface plasmons which subsequently decay to produce highly
energetic charge carriers, commonly referred to as hot carriers.
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These charge carriers then reach the nanoparticle’s surface
and can initiate and enhance a broad range of chemical reac-
tions near the nanoparticle. However, the efficiency of such
plasmon-driven chemical processes remains low mainly due to
the fast charge carrier recombination dynamics in metals that
typically happens within a few hundreds of femtoseconds to a
few tens of picoseconds and a large fraction of the charge car-
riers recombine before they can reach the reaction sites.'”'®
The efficient utilization of these charge carriers requires
designing plasmonic nanostructures that facilitate the separ-
ation of charges and their transfer toward the reaction sites.
Typically, metal nanoparticles are combined with a
semiconductor’>*'>'9% or another metal®'""'>?973
called antenna-reactor constructs to achieve better charge
carrier separation and utilization. The Schottky barrier at the
metal-semiconductor interface acts as an electron filter and
allows the hot electrons with sufficiently high energy to enter
the semiconductor layer, providing a better chance to partici-
pate in a chemical reaction on the semiconductor
surface.”">*”**3> On the other hand, the presence of another
supporting metal near the plasmonic nanoparticle may facili-
tate channeling energy or charge carriers into the supporting
metal where the chemical reactions occur.'>"7?¢273433
However, the fabrication procedures often are complicated and
expensive, limiting their scope for large-scale applications.

It is known that organic ligands with suitable electronic
structure could facilitate interfacial charge transfer at the
metal-ligand or semiconductor-ligand interface.**”>" Further,
some covalently bound ligands are also known to participate
in the plasmon-decay process allowing the electrons to decay
into an available ligand orbital.>*** Such a decay process,
known as chemical interface damping, is also reported to
depend on the chemical structure of the ligand.>®* However,
the prospect of using suitable organic ligands to efficiently
separate and transport the plasmonic hot carriers to boost a
chemical reaction remains less explored. Only recently, Lu
et al. reported that the co-adsorbed p-mercaptophenylboronic-
acid molecules could enhance the photocatalytic activity of
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silver nanoparticles by facilitating hot electron extraction from
the nanoparticle.>® The efficiency of such a process was further
related to the energy of the lowest unoccupied molecular
orbital of the ligand. A few studies also reported enhancement
photocatalytic activities of plasmonic nanostructures in the
presence of thiolated ligands.****>*7>° However, the enhance-
ments reported in these studies are related to favorable
ligand-reactant interactions.*"**>¢

Here we investigated the effect of simple organic ligands on
the separation and utilization of the plasmonic hot electrons
generated via resonant excitation of triangular prism-shaped
gold nanoparticles (AuTP). We synthesized plasmonic sub-
strates containing AuTP functionalized with a series of p-sub-
stituted benzene thiol (X-Ph-SH, where X = NO,, F, Cl, Br, H,
OH, OCH;) ligands and studied their effectiveness in driving
hydrogen evolution reaction (HER) from water at neutral pH
under NIR (808 nm) illumination. We found that the photo-
catalytic HER rate strongly depends on the nanoparticle’s
surface capping ligand. Bare and NO,/F/Cl substituted
p-benzene thiol coated AuTPs produced only a minuscule
amount of hydrogen while HER rate increased by approxi-
mately 4500-fold for Br substituted p-benzene thiol ligand. The
HER rate generally increases in the following order: bare ~ Cl
~ F ~ NO, < H < OH < OCHj; < Br. First, principle compu-
tations were performed on the systems to explore the micro-
scopic factors governing HER rates. It was found that surface
dipole moment and orbital interactions between nanoparticle
and ligand were crucial factors determining HER rate.
Subsequently, a function was developed that modeled the cor-
relation of these properties with the HER rate.

Results & discussion

Gold triangular nanoprisms (AuTP) were synthesized in aceto-
nitrile medium by following our previously published method
(ESI Experimental detailst).> The AuTP in acetonitrile dis-
played a dipole peak at 752 nm and a quadrupole peak at
588 nm, as shown in Fig. S1.f The SEM analysis confirms the
formation of AuTP with an average edge length of 45 + 7 nm
(Fig. 1b). The AuTPs were further attached to glass substrates
via dip-coating for 2 h. The AuTP-coated glass substrate
appeared blue (photograph shown in Fig. 1a, inset), having a
broad extinction spectrum covering the visible and NIR wave-
lengths (Fig. 1a). The LSPR peak was found to be at 790 nm.
The substrate’s SEM images (Fig. 1b and c¢) showed uniform
deposition of AuTP monolayer over a large area.

The AuTP-coated glass substrates were rinsed with ethanol
and were subsequently incubated in 5 mM p-substituted
benzene thiol (X-Ph-SH, X = NO,, F, Cl, Br, H, OH, and OCH3)
solution in ethanol for 12 h for surface functionalization
(Fig. 2a). Fig. 2b represents the UV-visible extinction spectra of
AUTP substrate before and after the attachment of H, OH,
OCHg3;, Br, F, NO,, and Cl substituted benzene thiol ligands. A
red-shift of AuTP LSPR wavelengths was observed for all
benzene-thiols, although the extent of red-shift depends on
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the ligands and increases as follows: OCH; < Br < H < Cl < OH
< F < NO,. SEM images were taken before and after the surface
functionalization revealed no significant change in the sizes
and/or shapes of the AuTP (Fig. S2f). Further, surface-
enhanced Raman spectroscopy was performed to confirm the
presence of different ligands on AuTP. The SERS analysis of
the substrate before and after the ligand incubation is shown
in Fig. 2c. The C-S stretch vibration (~1070-1080 cm™') and
the C-C ring stretching (~1560-1580 cm™') observed for all
samples after ligand functionalization confirms the ligand
attachment onto the surface of AuTP.®® Based on the p-substi-
tute group, a slight shift in C-S and C-C str, and shoulder
peaks were observed (Fig. 2c). For example, a single peak at
1075 em ' and a C-C ring str mode at 1578 cm™' were
observed for F-substituted benzene thiols (Fig. 2c¢, orange,
shaded area). On the other hand, for the Br substituted
benzene thiol, the C-S peak was located at 1066 cm™ with a
shoulder at 1078 cm™* and C-C str mode at 1559 cm '
(Fig. 2c, pink). The Cl-substituted benzene thiol had a charac-
teristic triple peak at 1061, 1083, and 1095 cm™*, and the C-C
stretching mode at 1566 cm ™" (Fig. 2¢, purple).®* H, OH OCH;,
and NO, substituted benzene thiols displayed C-S vibration at
1069 cm™, 1076 cm™", 1078 cm™*, and 1079 cm™" and the C-C
str at 1573 cm™!, 1588 cm™!, 1584 cm™!, and 1571 cm™?,
respectively (Fig. 2c).

To understand the effect of the ligands on the photo-
catalytic activity of AuTP, the AuTP substrates modified with
X-Ph-SH were used for photocatalytic HER from water at
neutral pH under 808 nm light illumination. The same exci-
tation power density of 100 mW cm > was applied to all
samples. The photocatalytic HER performance of all samples
was monitored for 6 h under continuous illumination
(Fig. 3a). We noticed that the HER performance strongly
depends on the surface ligands. Bare AuTP (without any
surface coating ligand) and AuTPs coated with F/Cl/NO, substi-
tuted benzene thiols produced only a negligible amount of
hydrogen. HER rate increases significantly for AuTPs with H/
OH/OCHj; substituted benzene thiols (Fig. 3b). The AuTPs with
Br-substituted benzene thiols showed the best HER perform-
ance, producing hydrogen at a rate of 4.1 mL g~* h™", which is
approximately ~7 times higher than AuTPs with H-Ph-SH
ligand and ~4500 times higher than the bare AuTPs. Overall,
the HER rate among different substituted benzene thiols
coated AuTPs were found in the following order: bare ~ CI~F <
NO, < H < OH < OCHj3; < Br. The incident photon to hydrogen
conversion efficiency was calculated for each substrate in the
range of 1 x 107 to 7.5 x 107°%, from NO, to Br-substituted
substrates (Fig. 3c). The UV-vis spectral (Fig. S31) and SERS
(Fig. S41) analysis of ligand-bound AuTP substrate before and
after 6 h of photocatalysis confirms that the AuTP are stable
with ligand intake. The SEM analysis of AuTP after photocata-
lysis also supports the stability of AuTP substrates (Fig. S57).
To confirm that the HER is a hot-electron-driven process, the
photocatalytic HER production for AuTP surface modified with
Br-substituted benzene thiol was monitored in the presence of
a hole scavenger (10% methanol) at 808 nm light illumination
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Fig. 1 (a) UV-visible extinction spectra of AuTP attached to the glass substrate. The inset shows the photo of the AuTP functionalized glass sub-
strate. (b) Corresponding SEM image of the AuTP functionalized on ITO substrate. The scale bar is 1 pm. (c) The zoom-out SEM image of AuTP. The

scale bar is 100 nm.

(Fig. S6at). The HER rate increased by ~1.4 folds in the pres-
ence of a hole scavenger, confirming the hot-electron-driven
process (Fig. S6bt).

The influence of the Br-substituted ligands on the photo-
catalytic HER was further investigated using the ortho- and
meta-substituted bromobenzene thiols as well as 4-Br-Ph-CH,-
SH. The AuTP substrates were functionalized with these ligands
following the same procedure (Experimental section and
Fig. S77). The ligand attachments were also confirmed through
LSPR peak red-shift (Fig. S81) and SERS analysis (Fig. S97).
The ortho and meta-substituted ligand functionalized AuTP
substrates were further utilized for photocatalytic HER under
808 nm illumination and compared the results with 4-Br-Ph-
S-AuTP (Fig. 4a). We noticed that HER rate decreased by
approximately ~3 folds when 4-Br-Ph-SH ligand was replaced
with 4-Br-Ph-CH,-SH (Fig. 4b). HER rate decreased drastically
for ortho- (~90 folds), and meta-substituted (~200 folds) bro-
mobenzene thiols and negligible hydrogen was obtained.
These results demonstrate that Br position in ligands plays a
key role in determining HER performance of the functiona-
lized nanostructures.

16554 | Nanoscale, 2023, 15, 16552-16560

Now we discuss on how ligands can facilitate the hot elec-
tron-driven HER. Firstly, the surface charge of the ligand may
facilitate HER reaction by allowing the protons to be near the
nanoparticles.®””®> We measured the surface zeta potentials of
all AuTP samples with different p-substituted benzene thiols
and found them within a narrow range of 12 mV to 30 mV.
Thus, it is unlikely that the electrostatic interaction between
the ligands and reactants will significantly contribute to the
observed HER rate difference among different ligands.
Secondly, the ligands can enhance HER rate by facilitating the
charge separation in plasmonic nanoparticles. A ligand LUMO
may accept an electron from the AuTP, creating an n-type
channel for the hot carriers. This may prolong the carriers’
lifetime, providing them a better chance to participate in the
HER process. To further support the charge transfer process,
we performed electrochemical impedance spectroscopy on the
p-substituted benzene thiol-coated AuTP substrates. We find
that the AuTP coated with 4-Br-Ph-SH showed the lowest
charge transfer resistance among all the thiol functionalized
samples, indicating favorable charge transfer at the AuTP-
ligand interface (Fig. S107).

This journal is © The Royal Society of Chemistry 2023
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Fig. 2 (a) Schematic representation of the AuTP substrate functionalization with the various p-substituted benzene thiol ligands (X-Ph-SH). The
figure is not to scale. (b) LSPR spectra of Bare AuTP (black) and after functionalization with different ligands. LSPR peak red-shift observed after each
thiol functionalization. (c) SERS analysis of bare AuTP (black) and after functionalization with X-Ph-SH.

Density functional theory-based calculations were per-
formed on all nanoparticle-ligand systems to understand the
microscopic factors determining the variation in HER rates
and the high hydrogen generation with a Br-substituted cata-
lyst. The ligand’s dipole moment has been considered a sig-
nificant parameter governing electron transfer to the reactants
by altering the work function of the Au surface.®® Fig. 5 shows
the correlation between the dipole moment of the Au-ligand
system (Dy) for various substituents and hydrogen production.
All values of Dy are summarized in Table S1.1 It is understood
that a low Dy shifts the work function to lower values, favoring
electron transfer.®” However, Dy for catalysts with F-, Cl-, and
Br-substituted ligands is 1.768 Dy, 1.975 Dy, and 2.085 Dy,
respectively, which does not correspond to the trends observed
in HER rates. Thus, it is apparent that the ligand’s polarity
alone is insufficient to determine the catalyst’s reactivity.

As per the Marcus equation,®® the electron transfer rate
between an initial and final state is governed by the inter-
actions between the orbitals representing the two states. We
examined the spatial distribution of relevant orbitals and their
interactions in nanoparticle-ligand systems to discern the
orbital contributions in electron transfer from the nano-

This journal is © The Royal Society of Chemistry 2023

particle to the ligand. Fig. 6 shows the position of the lowest
unoccupied molecular orbitals (LUMO) obtained by density
functional theory (DFT) based computations. LUMOs are the
pertinent orbitals for the transfer of electrons in a photo-
excited catalyst. As can be seen, the LUMO of the Au-ligand
system with OH-substitution is more delocalized than NO,-
substitution. This corresponds to the high difference in reac-
tivity observed for respective catalysts. To explore this further,
the charge transfer integral (/) was calculated for the LUMO of
nanoparticle and ligand as per the equation:

J= [WiHll/jdrs

J is one of the factors that determines the charge transfer
rate between orbitals given by y; and y;.°® Here J is calculated
based on DFT computations for all catalysts, with y; and ;
representing the LUMO of the nanoparticle surface and
ligand, respectively. A high value of J corresponds to the
higher feasibility of electron transfer. J for catalysts with F-, Cl-,
and Br- substituted ligands is 2.04 x 107> eV, 1.53 x 107 €V,
and 3.31 x 107> €V, respectively, corresponding to the HER

Nanoscale, 2023,15, 16552-16560 | 16555
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rates for ligands with halogens. Values of J for all systems are
summarized in Table S1.7

We observed that both polarities of the ligand and inter-
facial orbitals interactions affect the electron transfer in the
Au-ligand system and, consequently, the catalyst’s efficiency.
Therefore, the reactivity of the ligands can be described by a
comprehensive model that combines these parameters. This is
given by the function D;*/J, such that a high function value
corresponds to high H, generation. Fig. 7 shows the H, gene-
ration measured for the catalysts plotted against the value of
D+?/]. An increase in the value of the function corresponds to a
steep decrease in reactivity. The effect of D and J is to com-
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pensate for each other. A low value of the function corresponds
to a system with low Dy and (or) high J, both of which are
favorable to electron transfer. The correlation between com-
puted D;*/J and measured reactivity shows that polarity and
orbital effects significantly determine the catalyst’s efficiency.
The high reactivity of the Br-substituted ligand can be
explained based on the function. HER for catalyst with p-Br
substituted ligand is higher than that of Cl- and F-substituted
catalyst despite its higher D. However, the high value of J for
Br-substituted ligand facilitates the electron transfer and
enhances its activity. The combined effect of dipole and
orbital interaction enhances reactivity for Br-substituted cata-
lysts more extensively than others. Thus, we show that HER
activity for ligand-nanoparticle can be predicted based on the
combination of dipole and orbital couplings in the catalyst, as
captured in the function Dy/J.

Now, we discuss the possible origin of the hydrogen gas
observed in our experiments. Hydrogen formation may happen
from the decomposition of impurities such as unreacted thiols
and silanes or from reduction of water. To check this aspect,
we first repeated our photocatalytic experiment under 808 nm
excitation with 4-Br-Ph-S-AuTP substrate but replaced water
with acetonitrile. We note that we have not seen any hydrogen
production in this experiment (Fig. S13t). This result clearly
indicates that the hydrogen originated from water and not
from the decomposition of any thiol impurities [SERS
measurement on our sample also did not show any S-H
stretching peak (Fig. S117)]. Now, water may produce hydrogen
via water reduction or via hydrolytic activation of Si-H impuri-
ties that may be remaining from the synthesis procedure.’> We
cleaned our samples thoroughly and removed any Si-H impu-
rities. This was consistent with the absence of Si-H stretching
in our SERS measurement (Fig. 2c). Nonetheless, we per-
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formed a control photocatalytic experiment using 4-Br-Ph-
S-AuTP substrate and a broadband light with wavelengths
between 1000-1600 nm as an excitation source (Fig. S18%).
This wavelength range was selected as the associated photons
would not have energy for water splitting but could drive a
photothermal Si-H activation, as demonstrated previously.®®
We also did not see any hydrogen formation in this study, con-
firming that Si-H activation is not the source of hydrogen.
Furthermore, simultaneous measurement of oxygen reveals
that hydrogen and oxygen are being produced at a ratio of
1.9:1, which is very close to what one would expect from a
water splitting reaction (Fig. S12%). These observations
confirm that hydrogen is being produced from water. The exci-
tation photon energy is just above the thermodynamic poten-
tial requirement for water splitting(Fig. S161), but the fast
charge carrier recombination and the inert nature of gold
(high overpotential) make water splitting highly unlikely on a
pristine nanoparticle surface, which is also consistent with our
observation that no hydrogen formation is seen with pristine
AuTP substrates (Fig. 3). In the presence of an appropriate
ligand, the charge separation process is greatly enhanced,
making it favorable for the energetic carriers to participate in
the reaction. Also, it may be noted that the reaction is likely to
happen at the ligand-water interface, where the overpotential
requirement may be different than the pristine Au surface.
There is a possibility that the ligands can interact with water
through dipole-dipole interaction or hydrogen bonding and
may have an influence on photocatalytic activity in terms of
the proximity of the reactant to the surface of the photo-
catalyst, although this aspect needs further theoretical and
experimental studies.

To check for the contribution from a possible photothermal
effect, we repeated hydrogen production studies with 4-Br-Ph-
S-AuTP substrates under dark conditions but at a higher temp-
erature. First, we measured the temperature on the substrate
after 6 hours of laser excitation to be 31.4 °C. We used three
4-Br-Ph-S-AuTP substrates and performed the experiment at
32 °C. We did not see any hydrogen formation at 32 °C for two
samples. No hydrogen was also observed when the tempera-
ture was raised to even 40 °C (Fig. S151). However, in one sub-
strate, we noticed a small but detectable amount of H, pro-
duction (~2% of the hydrogen produced under 32 °C con-
ditions, Fig. S131). However, it is important to note that after
further washing with ethanol, this substrate did not show any
hydrogen production at 32 °C while maintaining its activity
under photocatalytic conditions (Fig. S141). The small amount
of hydrogen formation under thermal condition seen in that
specific sample could originate from degradation of some
unreacted thiol or silane impurities remaining from improper
sample cleaning. Finally, to further demonstrate the important
role of the ligand’s electronic structure on the photocatalysis,
we repeated the photocatalytic hydrogen production reaction
using benzenethiol-modified AuTP and cyclohexanethiol-
modified AuTP photocatalytic substrates (Fig. S17f) under
same experimental condition (808 nm excitation at 100 mW
cm ™2 power density). We found that the hydrogen production

16558 | Nanoscale, 2023, 15, 16552-16560
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rates drastically differed between these substrates, and the
cyclohexanethiol-modified AuTP substrate did not produce any
hydrogen. In contrast, the benzenethiol-modified AuTP pro-
duced hydrogen at the rate of 0.58 mL g h™".

Conclusion

In summary, we show that organic ligands can drastically
enhance the photocatalytic activity of plasmonic nanoparticles
by providing electron transport channels that facilitate hot
electron extraction from the nanoparticles. The experimental
evidence and the theoretical calculations suggest that the
ligand’s polarity and the orbital coupling between the nano-
particle and ligands influence the overall photocatalytic
efficiency. Easy tunability of the ligand orbital energy, favor-
able economic implications, and ease of fabrication will likely
establish various metal nanoparticle-ligand constructs as pre-
ferred next-generation photocatalysts for a wide range of
applications.
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