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T
he interaction of metal nanoparticles
(NPs) with photons whose energy is
resonant with the surface plasmon

leads to the generation of plasma oscilla-
tions which can decay into hot electrons.1�3

This strong interaction offers the opportu-
nity to couple light to drive chemical reac-
tions and provides a means to generate
valuable product with relatively low energy
input.2 The probability of generating ther-
malized, or “hot”, electrons is increased
when the metal nanoparticles are much
smaller than the wavelength of the incident
radiation.2

Recent studies have focused on the trans-
fer of hot electrons from excited metal
surfaces to nearby molecular orbitals.2,3

Mukherjee et al. provided the first experi-
mental evidence for the room-temperature
photocatalytic dissociation of H2 on 5�30 nm
gold nanoparticles using visible light.2,3 Their
results demonstrated that a fraction of the
hot electrons generated by the resonantly
excited gold nanoparticles allowed for elec-
tron transfer into the 1σu* antibonding orbi-
tal of a physisorbed H2 molecule, leading to

dissociation.2,3 The requirements for this
process are that (i) the Au NPs are excited
resonantly, (ii) the Feshbach energy overlaps
the hot electron distribution,4 (iii) the hot
electrons have energy greater than 1.8 eV,
(iv) the weight fraction of Au in TiO2, or SiO2,
is between 0.5% and 3%,2,3 and (v) the nano-
particles are sufficiently small (<10 nm)2

in order to maximize the surface to volume
ratio and increase the fraction of lower co-
ordination, highly reactive surface atoms.5

Thus, the presence of these thermalized
carriers makes the otherwise inert surface
of Au reactive. Hot electrons have been used
in a variety of other applications, e.g., oxida-
tion of ethylene on Ag nanocubes,6 water
splitting,7,8 solar energy harvesting,9 sens-
ing,10,11 catalysis,2,12 generation of H2 from
alcohol,4 hydrocarbon conversion,13 the
fabrication of novel molecular electronic
devices,14 plasmonic switches,15 and nano-
scale electronics.16

Before the hot electron induced dissocia-
tive capabilities of Au nanoparticles were
realized and used for sensing by Mukherjee
et al.,2 an indirect nanoplasmonic sensing
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ABSTRACT We report on the rapid optical detection of gaseous hydrogen using

hot electrons generated from resonantly excited substrate-based gold nanohemi-

spheres (Au NHs). We consider hot electron induced H2 dissociation and the

subsequent formation of a metastable gold hydride (AuHx) to account for changes

in optical transmission. The excitation wavelength was varied to demonstrate a

maximum response at the localized surface plasmon resonance (LSPR) wavelength of

the AuNHs. Numerical simulations, using the discrete dipole approximation, were

employed to corroborate the optical changes associated with the formation of

metastable AuHx. Finite time difference domain (FDTD) calculations were also

performed to account for the enhanced photocatalytic activity arising due to the confinement of electric fields by the Au NHs. FDTD simulations show

that the excitation of the Au NHs plasmon modes generates stronger electric fields at the interface in comparison to a spherical geometry of similar

dimensions.
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scheme using the localized surface plasmon resonance
(LSPR) was reported.17�23 The LSPR is a sensitive probe
of changes in the local environment, such as perturba-
tions in the dielectric properties of the medium. The
collective oscillations of free electrons are driven by
the interaction of plasmonic metallic nanoparticles
(typically Au, Ag, or Cu) with visible light.24 Indirect
nanoplasmonic sensing schemes employ an enhanced
electric field to sense changes in the dielectric envi-
ronment triggered by a secondary activematerial, such
as Pd. When placed in the near-field of resonantly
excited Au nanoparticles, an external analyte molecule
(e.g., H2) changes the dielectric properties of Pd, which
in turn shifts the LSPR of the Au nanoparticles.17�23 Pd
was chosen due to its well-established ability to dis-
sociate and absorb hydrogen and undergo a reversible
lattice expansion.25,26 As shown by Liu et al., as the Pd
NP approaches the near-field of a resonantly excited
Au nanotriangle, the spectral position and scattering
intensity of the Au system shift upon hydrogen ex-
posure due to the formation of Pd hydride, which has
different dielectric properties compared to Pd.22 Lan-
ghammer et al. used substrate-based Au nanodisks
separated from Pd nanoparticles by a thin dielectric
spacer layer to study hydriding and dehydriding
kinetics of 1.8�5.4 nm Pd nanoparticles.23 However,
Liu et al. and Langhammer et al. did not report any
hydrogen sensingwith the Au nanostructures alone.22,23

The discovery of the hot electron induced photocatalytic
activity of Au nanoparticles by Mukherjee et al.2,3 shows
that the Au LSPR could drive the dissociation of H2

without the need for an adjacent active material such
as Pd. However, any change in the optical response of
the Au nanoparticles due to hot electron induced dis-
sociation of hydrogen has yet to be reported.
The interaction of Au with hydrogen, especially the

formation of Au�H bonds, is far from being under-
stood due to the inert nature of bulk Au. However,
there are studies, both theoretical and experimental,
that discuss the adsorption of hydrogen onto Au27�30

and the formation of AuHx.
30�37 Bus et al. reported that

small gold nanoparticles (∼1.4 nm) supported on alu-
mina dissociatively adsorb hydrogen.30 This is accom-
panied by a change in electronic properties, as it was
shownbyX-ray absorptionnear-edge spectroscopy that
the L3,2 edges of Au/Al2O3 recorded in hydrogen under-
go a shift of several electronvolts.30 Previous reports also
mentioned that the formation of surface-based AuH2

�

and AuH4
� is stabilized by relativistic effects38 and is

likely to occur in electron-rich systems such as provided
by laser ablation and plasmas.34 The catalytic activity
was associated with atomic sites of lower coordination
(i.e., at the edges and corners).
In this work, we optically detect the dissociation of

H2 on Au nanoparticles. The novelty stems from the
room-temperature optical detection of hydrogen
using (i) thermally self-assembled substrate-based

gold nanohemispheres (Au NHs) and (ii) surfactant-
free structures (allowing for close contact between the
nanostructures and the analyte). It is important to note
that the observation of hot electron generation for
spherical, larger nanostructures (>20 nm) was pre-
viously reported to be negligible2,4,39 and that the
dissociation of H2 was negligible.2,4,40,41 On the con-
trary, in the present study, a∼1�2% change in optical
transmission was achieved at room temperature using
Au NHs between 10 and 50 nm in diameter upon inco-
herent excitation. To substantiate the claim of AuHx

formation, discrete dipole approximation (DDA) simu-
lationswere carried out using dielectric constants of Au
hydride previously measured by Giangregorio et al.34

RESULTS

Characterization of Films. Tapping mode atomic
force microscope (AFM) images of the Au NHs film
(Figure 1a) showed a broad distribution of closely
spaced hemispherical particles between 10 and
50 nm. A histogram is shown in Figure 1b, where the
average size was measured to be∼28( 8 nm. The UV/
vis extinction spectrum (Figure 1c) showed the plas-
mon band of Au NHs as a wide inhomogeneously
broadened feature at ∼570 nm. The peak position
appeared to be red-shifted by about 50 nm from the
previously reported position of plasmon band for
spherical Au NPs.42 This shift in spectral position of
the plasmon band could be attributed to two effects:
(a) nanoparticle shape induced effects and (b) nano-
particle size related changes in surface plasmon reso-
nance. The geometry-induced shift was observed
previously for other metals43 and was attributed to
the effective dipole being closer to the substrate. It was
found that hemispheres have a stronger interaction
with the substrate as compared to spheres.43,44 Nano-
particle dimension induced changes in the surface
plasmon resonance arise due to increased electromag-
netic retardation in larger nanoparticles.45,46 In the
present case, the red shift could be a cumulative result
of the two aforementioned phenomena.

Plasmonic Sensing Results. The broadband incoherent
excitation was selected to cover wavelengths between
500�600 nm and the real time response of the Au film
(Figure 2a�c) in H2 wasmonitored. An average increase
of∼1.8% in the transmitted intensity through an Au NH
film, supported on a glass slide, was observed within
0.3�1 s of turning onH2. TheAuNH filmwas exposed to
10% H2 in N2 for 10�20 s, during which time the
transmitted intensity stayed constant. Upon turning
off the H2 flow, the transmitted intensity recovered to
the initial value. Thus, from the real-time monitoring of
the response of Au NHs to H2 (Figure 2), it became
evident that these nanostructures act as rapid and
reusable optical H2 sensors upon resonant excitation
at the SPR. Details regarding the experimental setup are
provided in the Supporting Information (SI, Figure S1).
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Hydriding and Dehydriding of Au NHs with UV/Vis Spectros-
copy. The surface plasmon resonance of Au NHs films
was tracked with and without hydrogen exposure by
recording transmission spectra with a UV/vis spectro-
meter. In the absence of hydrogen the signal stayed
stable at a transmittance of ∼46%. Upon introducing
hydrogen, a ∼1% increase in transmittance was

observed (Figure 3). After stopping H2 and waiting,
the transmittance signal recovered to the initial value.
The presence of hydrogen induced a blue shift of
∼3 nm.

Wavelength Dependence. Combinations of filters were
placed in the beam path to vary the incident excita-
tion wavelength range (See Figure S4 in SI for details)
in order to study how it affected the magnitude
of the optical response of the Au NH films to hydro-
gen. The experiments were carried out at 293 K
and under similar illumination intensities covering
photon wavelengths from 400�800 nm. The change
in transmission was greatest for wavelengths
within 30 nm of the LSPR (λex = 550 and 580 nm)
(Figure 4).

Figure 2. Real-time monitoring of changes in transmitted
intensity for multiple cycles of H2. Each point plotted is
the percentage change in transmitted intensity between
500 and 600 nm as a function of time. Each time increment
was 0.3 s apart. Rapid response after (a) seven cycles of
hydrogen, (b) 11 cycles of hydrogen, and (c) one cycle of
hydrogen close up to show both the ON and OFF
response.

Figure 3. Tracking the surface plasmon resonance of Au
NHs in H2 with a UV/vis spectrometer. Red spectrum is
without anyH2; blue spectrumdisplays the optical response
during hydrogen; and green is after the hydrogen is
stopped. The presence of hydrogen causes a reversible
1% change in transmittance.

Figure 1. Morphological and optical characterization of a thermally assembledAu film.Morphological characterization using
tapping mode AFM on (a) dewetted Au NHs and (b) histogram showing particle size distribution of Au NHs, with an average
size of 28 ( 8 nm. (c) UV/vis extinction spectra of the Au NH film and of a blank slide.
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DISCUSSION

The question as to why Au nanoparticle surfaces are
reactive to hydrogen when their LSPR is excited was
recently answered by Mukherjee et al.2 They provided
a mechanism of hot electron induced dissociation of
hydrogen on Au nanoparticles and showed the forma-
tion of HD from a constant flow of H2 and D2 on
supported Au catalysts. On the basis of themechanism
put forward by Mukherjee et al.2 and the agreement of
experimental observations with theoretical calcula-
tions, we believe the optical change could be happen-
ing through the following steps:

(a) Optical excitation is resonant with the LSPR of
Au nanoparticles

(b) Coherent plasmons decay into hot electrons
(c) A fraction of the hot electrons undergo electron

transfer into the H2 1σu* antibonding orbital,
which leads to H2 dissociation

(d) Dissociated hydrogen atoms adsorb and diffuse
into Au NHs to form a metastable Au hydride

AuþH2 f Au� H (1)

Au� HþH f AuþH2v (2)

(e) Metastable Au hydride has a different dielectric
constant than Au. The change in dielectric
constants modifies the LSPR position of the
particles and the optical transmission of the
thin film.

(f) In the absence of a steady flux of H2, there is a
net diffusion of H atoms out from nanoparticle
thin film leading to recovery of the initial optical
properties.

The formation of the metastable Au hydride induces
a spectral shift and change in transmitted intensity,
which are explained as follows:

Spectral Shift in Au LSPR in the Presence of Hydrogen Due
to Electron Transfer. The surface plasmon resonance

condition is approximately fulfilled when

ε1 ¼ �2εm (3)

where ε1 is the real part of the dielectric constant of the
metal and εm is the dielectric constant of the embed-
ding medium of the nanoparticles.34 The Drude model
predicts that the dielectric constants of metals depend
on the plasmon frequency as follows:

εD(ω) ¼ 1 � ωp
2

ω2 þ iγω
(4)

where

ωp
2 ¼ ne2

ε0meff
(5)

ωp is the plasmon frequency, γ is the damping con-
stant, n is the electron density, e is the electron charge,
εo is the permittivity in a vacuum, and meff is the
effective mass of the electron. Since the plasmon
frequency varies as the square root of electron density,
any change in the number of electrons (i.e., addition or
removal of electrons from the metallic core) will shift
the position of the surface plasmon resonance. There-
fore, a blue shift in the position of the surface plasmon
upon hydrogenation implies an increase in electron
density, hence a more negative dielectric constant,
which is consistent with the slight spectral shift of
3 nm observed in Au LSPR in H2 (Figure 3). Our optical
simulations also show that, in order to observe a 1%
increase in transmission and a 3 nm blue shift in Au NH
LSPR due to hydrogenation, the real and imaginary
parts of the dielectric constant of Au need to change by
roughly 2% (SI, Figure S3). Therefore, the probability of
the presence of ametastable Au hydridewith dielectric
constants different than pure Au due to adsorption of
hydrogen cannot be ruled out.

Au hydride was observed by Strobiriski et al. and
Bus et al.36,47 Thus, based on the change in transmis-
sion and the blue shift of Au (Figures 2, 3) in hydrogen
and agreement with optical calculations (SI, Figure S3),
we speculate that the change in optical transmission
results from the formation of a metastable gold hy-
dride due to the adsorption of hydrogen atoms.

Wavelength Dependence of Magnitude of Change in Optical
Transmission. The dependence of the magnitude of the
optical change on the wavelength of excitation is also a
major indicator of a plasmon-driven chemical process.2,3,6

Therefore, the excitationwavelengthswere tuned in order
to excite at various photon energies (Figure 4) close
(within 30 nm) and far (70�100 nm) from the LSPR
peak of Au NH. Our results show that when the central
wavelength of excitation was within 30 nm of the
LSPR, the optical transmission increased by ∼1�2%.
Upon excitation with wavelengths further away
(70�100 nm) from the peak of the LSPR, the magni-
tude of the optical change in transmission is less,
typically a factor of 4 lower. Outside this window of

Figure 4. Effect of excitation wavelength on themagnitude
of change in the transmission of Au films in hydrogen.
Excitations within 50 nm of the LSPR of Au NHs (570 nm)
demonstrate larger changes in transmittance. The LSPR of
the Au NH film is indicated by the yellow dotted line.
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near-resonant photon energies, smaller changes are
observed due to a variety of reasons including (i) fewer
hot electrons are generated and (ii) the (e��H2) inter-
action probability is low. Mukherjee et al. observed
similar results for plasmonic HD generation and men-
tioned that “since the absorption cross section corre-
sponds directly to the hot electron production rate,
this provides direct evidence for plasmon-induced
hot-electron-driven H2 photodissociation”.

2 Christopher
et al. also reported similarity in the wavelength depen-
dence of ethylene epoxidation rates due to dissocia-
tion of oxygen on Ag nanocubes and the LSPR
spectrum of the silver nanocube catalysts used.6 This
correlation between the wavelength dependence of
plasmon-induced reactions and the LSPR spectrum of
metallic nanocatalysts at constant illumination inten-
sity provides evidence that the resonant LSPR excita-
tion is responsible for the photocatalytic activity.

Confinement of the Electric Field. Finite difference time
domain (FDTD) simulations were performed to identify
the origin of the photocatalytic response of large
(>20 nm) Au NHs. We compared the nature of the
electric field enhancement of substrate-based Au
spheres and Au NHs, both 30 nm in diameter, using
FDTD. The simulation (Figure 5) demonstrated that,
upon resonant excitation, the Au NHs generate
strong fields near the surface of the substrate. The Au
NHs exhibit maximum enhancement at ∼550 nm

(Figure 5e), which is the calculated surface plasmon
resonance of a 30 nm Au hemisphere positioned on
SiO2. The UV/vis spectrum of Au NHs showed a plas-
mon resonance at 570 nm. This red shift could be
attributed to the presence of larger particles arising
from the polydispersity in nanoparticle size distribu-
tion. The spherical Au nanoparticles exhibited the
maximum enhancement of 1.3 times at 530 nm
(Figure 5b) at the LSPR wavelength. On the other hand,
the 30 nm Au NHs showed 2.3 times enhancement at
its LSPR (570 nm) (Figure 5e). It was evident that off-
resonance, e.g., 500 and 700 nm (Figure 5a, c, d, f), the
electric field was weaker than at the LSPR for both
geometries. The AuNHs exhibited approximately twice
as much confinement of the electric field as the
spheres of similar dimensions. The confinement in
the hemisphere was localized at the interface with
the substrate, which we suggest is the hot spot for the
plasmon-induced reactions reported here.

Absence of Surfactants or Ligands. Another factor that
possibly enhances the efficiency of the hot electron
induced dissociation is the absence of any surfactants
or ligands on the thermally dewetted Au NHs. The
rate of hot electron cooling determines the lifetime
of the energetic electrons and is known to depend
on the electronic heat capacity and the magnitude of
electron�phonon coupling. Aruda et al. described how
the hot electron cooling process is affected by the

Figure 5. FDTD-simulated electric fields at different wavelengths for an SiO2 substrate with a single Au sphere on (a,b,c) or a
single Au hemisphere (d,e,f). The near field enhancements for the Au sphere on the SiO2 substrate were computed at (a)
500 nm (b) 530 nm-LSPR (c) 700 nm. The nearfield enhancements for the Auhemisphere on SiO2were calculated at (d) 500 nm
(e) 550 nm-LSPR (f) 700 nm. Schematics on the left show the geometry used for the simulation aswell as the orientation of the
incident k-vector (normal to the surface) and the E-field (y component). At 530 nm, a 1.3� enhancement was observed for the
30 nmAu sphere. At 550 nm, a 2.3� enhancement was observed at the edge of the hemisphere. Au NHs showed about 1.75�
more resonant E-field enhancement in comparison to the sphere at the LSPR.
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presence of an organic adlayer on a nanoparticle.1,48

The electronic states of metals are known to mix with
that of organic adsorbates,making the density of states
of passivated metal nanoparticles considerably differ-
ent from that of the bulk. Such intermixing of electronic
states can significantly alter the electronic heat capa-
city. A summary of prior investigations on this effect
can be found in Aruda et al.1 The magnitude of
electron�phonon coupling also varies from material
to material and is also dependent on the density of
electronic states of the system near the Fermi level and
the distribution of vibrational modes. Therefore, any
adsorption of ligands or surfactants or changes in lattice
structurewill influence thehotelectroncooling rate.1 Since
our system is relatively simple, devoid of any protective
layer, the hot electron lifetime is most likely unaffected,
which in turn induces efficient hydrogen dissociation on
Au. This makes the resonantly excited Au surface more
responsive to hydrogen.

Probable Presence of Defects. Another factor that could
contribute to the enhanced activity of Au NHs is the
presence of twin boundaries or stacking faults, which
are usually present in Au nanoparticles of similar
dimensions.49 The presence of such defects are known

to enhance catalytic activity by lowering the dissocia-
tion barrier.49�51 Thus, the enhanced reactivity of the
Au NHs could be due to the combined effects of the
geometry, the absence of surfactants, and the pre-
sence of defects.

CONCLUSION

In this work, we demonstrated that thermally as-
sembled Au NHs provide a platform for the plasmonic
detection of H2. It was also concluded that plasmonic
detection of H2 was primarily contingent upon the
resonant excitation of the localized surface plasmons.
Investigations into wavelength dependence showed
that resonantly excited Au NHs show the greatest
increase in hydrogen-induced optical transmission,
confirming the electronic origin of the response. Nu-
merical simulations support the assertion that the
formation of a metastable AuHx can change the di-
electric properties of the films enough to be detected
optically. To conclude, we believe that the simplicity of
this optical detection system, coupled with the ability
to observe small changes occurring on subsecond time
scales under equilibrium conditions, will open up other
sensing possibilities.

MATERIALS AND METHODS
Preparation of Au NH Films. Substrate-based Au nanostructures

were producedusing thermal dewetting.52 This process involves
two steps: (i) sputter deposition (Gatan high resolution ion beam
coater model 681) of a 10 nm Au thin film onto sodalime silica
microscope glass slides (the resultant film is blue in color) and then
(ii) heating from room temperature to 500 �C in 15 min (Lindberg
BlueMtube furnace, TF55035A-1) followedbycoolingback to room
temperature. All samples were heated in a constant flow of ultra
high purity argon at 65 sccm. The assembled Au nanostructures
have a hemispherical morphology and are pink in color.52

Characterization. The morphology of Au NHs was assessed
using AFM tapping mode images recorded using an Agilent
5500 scanning probe microscope with Si3N4 tips (Vista Probes)
and processed using Gwyddion software.53 The histograms were
computed using ImageJ (NIH) on a minimum of 100 randomly
selected nanoparticles. UV/vis spectroscopy was carried out using
a JASCO V570 spectrophotometer for the characterization of
optical extinction. An Evolution 201 UV/vis spectrometer was used
to study spectral behavior of hydriding and dehydriding of Au
nanoparticles (wavelength range 190�700 nm, bandwidth 1 nm,
integration time 0.1 s, data interval 1 nm, scan speed 600 nm/min).

Simulation of Optical Properties. Simulations were done using
DDSCAT 7.2.0 to explain the changes in dielectric constants of
Au upon hydrogenation.54 DDSCAT is a software package that
uses numerical methods to solve for an object's optical re-
sponse (i.e., absorption and scattering). It uses a 3D array of
polarizable points to represent the simulated continuum. The
key parameters are (i) the optical properties of the material and
surroundings and (ii) the object's geometry. In this case, di-
electric coefficients for Au were taken from Palik.55 The di-
electric constants of AuHx were previously measured values
reported by Giangregorio et al.34

The hemispherical file was modeled using LAMMPS
Molecular Dynamics Simulator56 and was designed so that
the incident photon will penetrate directly through the top
of the structure, as would be done in the experiment. The E-field
is oscillating parallel to the substrate, while the k-vector is
perpendicular. The structure was modeled using N > 50k

dipoles. The effective radius of the structure is 40 nm, which is
equivalent to a hemisphere with a 44.7 nm radius, yielding an
LSPR centered at 561 nm.

Electromagnetic Simulation. Three-dimensional finite differ-
ence time domain methods (Lumerical FDTD Solutions) were
used to calculate the near-field properties of resonantly excited
Au spheres and hemispheres. Nanoparticles with 30 nm di-
ameter were chosen to closely match experimental conditions.
A mesh size of 0.8 nm was chosen for all cases. The simulated
excitation source took the form of a polarized Mie source
(500�700 nm) penetrating the structure with a k-vector normal
to the substrate surface.

Experimental Setup. The details about the optical sensing
setup can be found in the SI (Figure S1).
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