
RESEARCH ARTICLE
www.small-journal.com

H-Glass Supported Hybrid Gold Nano-Islands for
Visible-Light-Driven Hydrogen Evolution

Indrajeet Mandal, Jagannath Gangareddy, Abimannan Sethurajaperumal,
Murugasenapathi NK, Manikanta Majji, Susmita Bera, Pratyasha Rudra,
Vanmathi Ravichandran, Sandip Bysakh, Noah Jacob, K. D. M. Rao, Rajiv K. Singh,
N. M. Anoop Krishnan, Manohar Chirumamilla,* Tamilarasan Palanisamy,*
M. Motapothula,* Eswaraiah Varrla,* Srabanti Ghosh,* and Amarnath R. Allu*

Flat panel reactors, coated with photocatalytic materials, offer a sustainable
approach for the commercial production of hydrogen (H2) with zero carbon
footprint. Despite this, achieving high solar-to-hydrogen (STH) conversion
efficiency with these reactors is still a significant challenge due to the low
utilization efficiency of solar light and rapid charge recombination. Herein,
hybrid gold nano-islands (HGNIs) are developed on transparent glass support
to improve the STH efficiency. Plasmonic HGNIs are grown on an in-house
developed active glass sheet composed of sodium aluminum phosphosilicate
oxide glass (H-glass) using the thermal dewetting method at 550 °C under an
ambient atmosphere. HGNIs with various oxidation states (Au0, Au+, and
Au−) and multiple interfaces are obtained due to the diffusion of the elements
from the glass structure, which also facilitates the lifetime of the hot electron
to be ≈2.94 ps. H-glass-supported HGNIs demonstrate significant STH
conversion efficiency of 0.6%, without any sacrificial agents, via water
dissociation. This study unveils the specific role of H-glass-supported HGNIs
in facilitating light-driven chemical conversions, offering new avenues for the
development of high-performance photocatalysts in various chemical
conversion reactions for large-scale commercial applications.
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1. Introduction

Hydrogen (H2) is the key to a sustainable
energy future.[1] Its ability to emit only
water as a byproduct makes it an attractive
alternative to fossil fuels, and its adaptabil-
ity in many industrial applications adds to
its value.[2] However, the current methods
of H2 production are not sustainable since
95% of H2 is produced through processes
emitting large amounts of CO2, hindering
efforts to combat climate change.[3–6] The
global production of H2 currently stands at
100 million tons annually, but this comes
at the cost of 930 million tons of CO2
emission.[7,8] The current H2 production
methods with zero carbon footprint are
not scalable at the industrial level.[9,10] A
significant focus has been placed on in-
creasing the production of green H2, using
abundant solar energy and readily available
water sources.[10] However, a key necessity
for H2 production from water without
external assistance is a highly efficient
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and stable photocatalyst capable of driving the necessary redox
reactions.[11–16]

To date, various photocatalytic materials have been proposed,
designed, and developed accordingly.[17,18] Where most of these
traditional photocatalysts require a sacrificial agent to function,
and their effectiveness in H2 production often depends on cocat-
alysts that enhance the absorption of solar energy, spanning from
ultraviolet (UV) to visible light.[19,20] Further, various challenges
like light scattering, limited penetration depth, suboptimal ab-
sorption, and rapid charge recombination collectively hinder con-
version efficiencies.[21] To overcome these challenges, thin pho-
tocatalytic films were developed. These films offer effective light
absorption, made possible by designing catalysts to enhance light
penetration and maximize surface area while minimizing the
amount of photocatalyst used.[22] A notable development in this
field is flat panel reactors, where the flat glass panels coated
with thin sheets of photocatalytic material demonstrate signifi-
cant potential.[21,23] Xiong et al.[24] reported on panel-type reac-
tors with dimensions of 5 × 5 cm2, using flat frosted glass plates
coated with a Rh2−yCryO3/(Ga1−xZnx)(N1−xOx) photocatalyst, fur-
ther enhanced with hydrophilic silica particles to improve the
solar-to-hydrogen (STH) efficiency. Additionally, Goto et al.[25] de-
signed a 1 × 1 m2 flat panel reactor incorporating silica-modified
Al-doped SrTiO3 photocatalysts, achieving an STH conversion ef-
ficiency of 0.4% under natural sunlight. However, achieving a
significantly higher STH conversion efficiency, in the range of
5–10%, remains crucial for the commercial viability of these flat
panel reactors.[23]

Numerous studies have highlighted the ability of plasmonic
metal nanoparticles (MNPs) to catalyze chemical reactions when
exposed to low-intensity visible light.[26–28] Moreover, the choice
of supporting materials plays a vital role, significantly influenc-
ing the catalytic performance of MNPs.[29,30] For instance, Au NPs
demonstrate a higher H2 dissociation rate when deposited on
a dielectric SiO2 substrate compared to a semiconductor TiO2
substrate.[31] This difference is attributed to the formation of the
Schottky barrier at the metal-semiconductor interface, which in
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the case of AuNP/TiO2, facilitates the flow of hot electrons to the
TiO2, thereby limiting the electrons available for catalytic activ-
ity. On the other hand, with AuNP/SiO2, the absence of such a
barrier permits more electrons to participate in H2 dissociation,
suggesting that dielectric supports can potentially enhance the
photocatalytic efficiency of MNPs. This demonstrates that dielec-
tric glass materials, by facilitating electron availability, may im-
prove the photocatalytic capabilities of MNPs. Therefore, by in-
tegrating MNPs onto flat panel glass system, the STH efficiency
can be significantly advanced. Further, extensive research high-
lights the significant role of charge states in determining the cat-
alytic efficiency of Au NPs.[32,33] Among them, multimetallic sin-
gle nanoparticles (MSNPs) with various interfaces have shown
great promise in catalysis applications.[34,35] However, the synthe-
sis of MSNPs has often involved complex and expensive tech-
niques, such as scanning probe block copolymer lithography,
solution-phase epitaxial growth, seed-mediated synthesis, and
wet-chemical methods.[35–38] This highlights the need for a sim-
ple and robust method to synthesize single multielement MNPs
that possess multiple charge states and interfaces.

Herein, we introduce hybrid gold nano-islands (HGNIs) as
promising photocatalytic material for visible-light-driven water
splitting to produce H2. Metal nano-islands (MNIs) are grown
on the glass substrate by cost-effective thermal dewetting pro-
cess. However, noble metals, known for their chemical inert-
ness, often struggle to bond effectively with most of the glass
systems,[39] raising concerns about the stability of MNIs. As a
result, there has been limited exploration into the interaction be-
tween MNIs and glass, and their potential in photocatalytic activ-
ity. Recently, however, a breakthrough was made with the devel-
opment of a sodium aluminum phosphosilicate glass, referred to
as H-glass.[39] This glass system significantly improves the sta-
bility of MNIs, through the interaction of glass elements, like
phosphorous (P), silicon (Si), Aluminum (Al), and sodium (Na),
with MNIs, altering some of the metallic Au into cationic and an-
ionic forms. This creates multiple interfaces between the differ-
ent forms of Au, resulting in the formation of HGNIs.[34,35] These
findings lead us to hypothesize that H-glass-supported HGNIs
might be highly effective as photocatalytic active sites for chemi-
cal reactions.

This work uncovers the chemical interaction between amor-
phous glass and Au nanoislands, revealing the existence of
nanoislands with multiple Au oxidation states and interfaces. H-
glass-supported HGNIs exhibit excellent photocatalytic efficacy
for H2 generation using water/moisture. Consequently, the com-
bination of H-glass with HGNIs is identified as an optimal ap-
proach to enhance the photocatalytic performance of the flat glass
panel photoreactors tailored for H2 production. Therefore, by ad-
vancing the current state-of-the-art H2 generation methods, and
implementing them on a larger scale, it is possible to achieve
next-generation production technologies for clean H2 with zero-
carbon emissions.

2. Results and Discussion

The process of depositing HGNIs on H-glass is outlined in
Figure 1a. This involves a two-step method: first, applying a
50 nm Au film via sputtering technique, and second, heating
it to 550 °C for 15 min under an ambient air environment.
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Figure 1. a) The schematic illustration outlining the synthesis procedure used to form HGNIs on an in-house developed H-glass substrate. b) A FESEM
image for the H-Au glass. c) EDS line profile taken on the FESEM image (b) for Au, P, Al, Na, Si, and O across the two islands marked with a red arrow.
d) UV–vis absorbance spectra of H-glass and H-Au glass. e) XRD pattern for the H-Au glass, inset shows the magnified view.

The structure of the glass network undergoes isotropic expan-
sion once the temperature surpasses the glass transition tem-
perature range. In this context, H-glass coated with Au-film ex-
pands isotopically upon being subjected to a heat treatment at
a temperature of 550 °C, which is 80 °C above its glass transi-
tion temperature (470 °C), Figure S1b (Supporting Information).
Consequently, it becomes evident that the GNIs formed during
the thermal dewetting process become embedded within the H-
glass. This is facilitated by the significantly higher density of Au
(19.3 g/cc) compared to that of H-glass (2.5 g/cc). As the substrate
cools from 550 °C to room temperature, the glass solidifies, ef-
fectively submerging the GNIs within it. As presented in the fol-
lowing sections, these GNIs interact with the glass components
and convert them into HGNIs, with multiple elements and Au
oxidation states. The resulting H-glass with embedded HGNIs
is termed “H-Au”. Figure 1b shows a field emission scanning
electron microscopy (FE-SEM) image of the HGNIs, as mostly
hemispherical isolated islands on the glass surface, though some
irregularities are present. Figure 1c, through energy dispersive
X-ray spectroscopy (EDS) line-scan data, reveals phosphorus (P)
and Au content predominantly in HGNIs. Figure 1d indicates
that H-Au glass has a distinct absorption peak due to the local-
ized surface plasmon resonance (LSPR) of the HGNIs. Figure 1e
shows X-ray diffraction (XRD) spectra of H-Au glass, confirming
a prominent diffraction peak at a 2𝜃 of 38.1° and other peaks at
44.3°, 64.6°, and 77.4°, aligning with the (111), (200), (220), and
(311) planes of face-centered cubic (FCC) lattice of Au.[39] HG-
NIs demonstrate outstanding structural robustness when sub-
jected to a high-power ultrasonication in aqueous media (Figures
S2–S8, Supporting Information).

Figures 2a and S9a (Supporting Information) show the cross-
sectional transmission electron microscopy (TEM) image of iso-

lated HGNIs. High-resolution-transmission electron microscopy
(HR-TEM) images (Figures 2b; Figures S10–S15, Supporting In-
formation) were taken from regions where electron beam trans-
parency was possible, as highlighted in Figure 2a,c shows the
fast Fourier transform (FFT) and inverse FFT (IFFT) analyses on
specific regions marked in Figure 2b(i),(ii). The resulting lattice
spacings were determined to be 0.45 nm and 0.24 nm, respec-
tively. Further analysis of the HR-TEM investigations across var-
ious regions (Figure S10, Supporting Information) showed lat-
tice fringes with d-spacings of 0.23 and 0.26 nm. Additionally,
the presence of two fringe patterns with d-spacing values of 0.23
and 0.26 nm intersecting at a 75° angle (Figure S11, Support-
ing Information) emphasizes the complex structural characteris-
tics of HGNIs. By examining multiple HR-TEM images (Figures
S12–S17 and Movie S1, Supporting Information), the existence
of lattice fringes with different d-spacing values is confirmed. Lat-
tice fringes with 0.24 nm d-spacing are unambiguously attributed
to the (111) lattice plane of FCC Au. Owing to the complex chemi-
cal composition of HGNIs on H-Au glass, other d-spacing values
could not be assigned to specific lattice planes. Nevertheless, the
variations in d-spacing are likely linked to the formation of Au
compounds,[34,40] Au1-xMx, where M = Al, P, Na, Si.

The chemical composition of the individual HGNIs is eval-
uated by scanning transmission electron microscopy (STEM),
-and the corresponding images are shown in Figure 2d,g for
HGNIs that are attached to H-glass and those exposed to air,
respectively. The corresponding high-angle annular dark-field
(HAADF) images are shown in Figure 2e,h, and the EDS ele-
mental line profiles are shown in Figure 2f,i, respectively. The
elemental mappings (Figures S18 and S19, Supporting Informa-
tion) corresponding to the HGNIs shown in Figure 2d,g distinctly
demonstrates the presence of elements P, Au, and Al. These
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Figure 2. a) A typical cross-sectional TEM image of isolated HGNI, the inset shows a cross-sectional TEM image. Inset shows the low resolution cross-
sectional TEM image of H-Au glass. b) HR-TEM image for the region marked with the yellow box in (a). Roman numbers (i) and (ii) in (b) represent
different d-space zones in the HGNI. The HR-TEM image for the region marked with the yellow circle in (b) is also shown in Figure S17 (Supporting
Information). c) FFT transformations for the regions (i) and (ii) are highlighted in (b). d and g) STEM images for two different isolated HGNIs extracted
from H-Au. e and h) High-angle annular dark-field (HAADF) images for the image shown in (d) and (g), respectively. f and i) EDS line profile for Al, Na,
Au, P, and O across the islands marked with an arrow in (d) and (g), respectively.

observations suggest that the GNIs within H-glass undergo
chemical reactions with components of H-glass under the an-
nealing phase, leading to the diffusion of elements from H-glass
into the GNIs and their eventual transformation into HGNIs.
The elemental line profile (Figure 2f,i), along with mapping anal-
ysis (Figure S18, Supporting Information) and chemical analysis
(Figure S19, Supporting Information) at varying electron accel-
erating voltages, confirms the presence of Si, Al, Na, and P in
HGNIs. Further, the presence of these elements in the HGNIs is
confirmed by WDS and XPS depth profile analysis.

Figures 3a and S20 (Supporting Information) provide a qual-
itative chemical analysis of H-glass-supported HGNIs using the
wavelength dispersive spectroscopy (WDS) technique. This anal-
ysis reveals the presence of elements such as Al, Si, P, Au, and
Na in each HGNI. Importantly, the ratio of these elements varies
when the electron accelerating voltage is increased from 10 to

20 kV, suggesting a gradient in their concentration levels. Fur-
ther, X-ray photoelectron spectroscopy (XPS) depth profiling us-
ing Ar+ sputtering was performed on H-Au to investigate the
electronic states of elements. Figure 3b–d display the XPS spec-
tra of Au 4f, Na 1s, and P 2p at different depths (see Figures S21
and S22, Supporting Information for the XPS spectra of O 1s,
Si 2p, and Al 2p). Irrespective of the depth, Au 4f XPS spectra
(Figure 3b) display a clearly separated doublet (by 3.7 eV) corre-
sponding to the spin-orbit coupling of 4f7/2 and 4f5/2 states. With
increased Ar+ sputtering time, depth profiling indicates a shift of
the Au 4f peak toward higher binding energies, alongside an in-
crease in peak width and intensity. Further, the deconvolution of
the Au 4f spectra (Figure 3e; Figure S23, Supporting Information)
identifies three distinct Au species with binding energies ≈82.38,
83.18, and 83.98 eV. Following the charge potential model,[41]

which posits that metal binding energies rise with a reduction in
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Figure 3. a) Fraction of elements in HGNI, identified using the point-based WDS technique, which also shows the fractional variations of elements at
different accelerating electron voltages. b–f) XPS depth profiling investigations over a range from 10 nm to 300 nm: b–d) XPS spectra of Au 4f, Na 2s
and P 2p, respectively, e) Deconvolution of Au 4f XPS spectra collected at a depth of 10 nm (bottom) and 300 nm (top), and f) Fractional variations of
Au0, Au𝛿+

, and Au𝛿− with increasing the depth from 10 to 300 nm.

electron density, this implies that the H-glass-supported HGNIs
are composed of three uniquely charged Au species.

Figure 3c illustrates an increase in the binding energy of Na
1s electrons, indicating that Na acquires a more positive charge.
This variation in charge implies that Na, with its electroposi-
tive nature, donates electrons, thereby enhancing the electron
density at the Au (Au𝛿−), confirming the interaction between Au
and Na.[42] The XRD spectrum (Figure 1e) explicitly verifies the
presence of metallic Au (Au0) in H-glass-supported HGNIs. Au
4f XPS spectrum (Figure S24, Supporting Information) for the
Au film coated on H-glass shows that the 4f7/2 binding energy
for metallic Au appears at 83.3 eV. Despite having lower elec-
tronegativities for Al, Si, and P at 1.61, 1.86, and 2.2, respectively,
compared to Au at 2.54, these elements tend to gain electrons,
which results in a reduction of electron density in Au.[42–44] Con-
sequently, the observed peaks in the 4f7/2 binding energy approx-
imately at 82.38, 83.18, and 83.98 eV are ascribed to negatively
charged Au (Au𝛿−), metallic Au (Au0), and positively charged
Au (Au𝛿+) species, respectively. However, the peak at 83.98 eV
in the Au 4f spectrum is attributed to the combined influence
of interactions,[42–44] Au-P, Au-Al, and Au-Si, as per the STEM,
EDS, and WDS findings. Figure 3f shows how different elec-
tronic states of Au vary in proportion at depths ranging from 10
to 300 nm. It reveals an increase in the proportion of Au𝛿+ while
the fraction of Au𝛿− remains constant. This pattern indicates a
uniform diffusion of Na throughout the GNIs and a gradient dif-
fusion of P/Al/Si. Particularly, as depicted in Figures S21 and S22
(Supporting Information), the binding energy of P 2p /Si 2p /Al
2p electrons do not exhibit significant variation with depth, de-

spite their interactions with Au. This is likely due to the pres-
ence of enriched tetrahedral units like PO4

3−, SiO4
4−, and AlO4

5−.
XPS depth profiling reveals that Au species constitute ≈85% of
the composition in HGNI/H-glass hybrids, indicating a signifi-
cant presence. Further, it may be anticipated that various valence
states in HGNIs improve the adsorption of water molecules and
enhance electron transfer from HGNIs to the water molecules,
thus facilitating the photocatalytic H2 production.

To understand the electric field distribution in H-glass-
supported HGNIs, we employed three-dimensional finite-
difference time-domain (3D FDTD) simulations, Figure 4. A unit
cell with 3D HGNIs is constructed based on SEM images (Figure
S25, Supporting Information). As illustrated in Figure 4a, there is
a notable increase in the localized electric field at the sharp edges
of the individual Au islands upon LSPR excitation. The overall
electric field intensity enhancement (|E|2/|Eo|2) of the H-Au sub-
strates reached ≈17 times upon irradiation at 532 nm. Figure 4b
provides a 3D mapping of the electric field intensity distributions
around a single Au island, while Figure 4c presents the cross-
sectional distribution of the electric field intensity for a single Au
island enclosed within the H-glass.

In order to investigate the chemical interactions between H-
Au glass and H2O molecules, operando surface-enhanced Raman
spectroscopy (SERS) measurements were carried out by apply-
ing water onto the surface of H-Au. Figure 5a shows the Raman
spectra collected both in the presence of HGNIs (H-Au glass)
and absence of HGNIs (H-glass). To consistently compare the
various spectral profiles, the spectra in the 350–1900 cm−1 range
were normalized to the peak at 1031 cm−1, while spectra in the
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Figure 4. a) Simulated electric field intensity distribution map in the x-y plane at a wavelength of 532 nm using the FDTD method. b) Spatial distribution
of scattered electric field intensity around a single particle. c) The electric field distribution of a single particle in the x-z plane. The incident light was
propagated from the z-axis and polarized along the x-axis.

2400–4000 cm−1 range were normalized to the peak at 3400 cm−1.
The Raman spectrum of H2O reveals 𝜈(O-H) and 𝛿(H-O-H) vibra-
tional bands in the 3100–3800 cm−1 and 1550–1680 cm−1 regions,
respectively.[45] As shown in Figure 5a, the presence of HGNIs on
H-glass leads to an increase in the low-intensity 𝛿(H-O-H) band,
and the elimination peaks are ≈2972 and 3838 cm−1. Addition-
ally, there is a noticeable narrowing in the overall width of the
𝜈(O-H) band.

Figure 5b,c illustrates the changes in the intensity of 𝛿(H-O-
H) and 𝜈(O-H) bands and the integrated intensity ratio of 𝜈(O-
H) to 𝛿(H-O-H) vibrations with respect to varying laser power.
The inset of Figure 5b highlights a blue shift in the 𝜈(O-H)
stretching vibration with an increase in laser power. This shift
is attributed to an excess of electrons, which strengthens the H2
bonds in molecules, causing the stretching frequency to shift to-

ward a higher wavenumber.[46] The enhancement in the 𝛿(H-O-
H) signal (Figure 5c) does not directly correlate with the laser
power intensity, suggesting the presence of Fermi resonance.[45]

This is due to the intramolecular inter-mode coupling between
the fundamental 𝜈(O-H) and the first overtone of the 𝛿(H-O-H)
vibrations,[46] leading to the variations in the intensities of 𝛿(H-
O-H) band.[47] Further, the observed SERS spectral variations are
attributed to electron transfer to the H2O molecule. SERS spectra,
as a function of reaction time ranging from 0 to 15 min at a fixed
laser power and the corresponding integrated intensity ratio of
𝜈(O-H) to 𝛿(H-O-H) vibrations, are shown in Figure 5d,e, respec-
tively. The 𝜈(O-H) vibrations do not exhibit significant variation
with increasing reaction time. Nevertheless, 𝛿(H-O-H) vibrations
exhibit significant fluctuations (inset of Figure 5d). The deconvo-
lution of 𝛿(H-O-H) and 𝜈(O-H) bands, as shown in Figures S26

Figure 5. a) Comparison of the SERS spectra, normalized to the peak at 1031 cm−1, for H2O molecules collected in the presence of HGNIs (H-Au glass)
and in the absence of HGNIs (H-glass). Variations in SERS spectra profiles for H2O molecules with increasing laser power (b) and with increasing the
reaction time (d). Variations in the integrated intensity ratio of 𝜈(O-H) stretching vibrations to 𝛿(H-O-H) bending vibration with varying laser power (c)
and reaction time (e).
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Figure 6. a) fs- transient absorption spectra recorded for H-Au glass at various time delays. b) Transient absorption kinetics for 536 nm probing wave-
length.

and S27 (Supporting Information), respectively, substantiates the
variations in the 𝛿(H-O-H) vibrations. It is worth noting that 𝛿(H-
O-H) vibration is influenced by intermolecular coupling and the
strength of H2 bonding, where it appears at 1594 cm−1 for gas
molecules and at 1643 cm−1 for liquid molecules.[48] In this study,
an increase in the area and full width at half-maximum (FWHM)
of the 𝛿(H-O-H) vibrations at lower wavenumber (Figure S26,
Supporting Information) and a decrease in the integrated inten-
sity ratio (Figure 5e) indicate a decrease in the H2 bond strength
in the H2O molecule over time.

To probe the electron dynamics of HGNIs embedded in H-
glass, we performed the transient absorption spectroscopy (TAS)
experiments using the pump-probe method. Figure 6a shows the
fs- transient absorption spectra recorded for H-Au glass at various
time delays using a 410 nm pump light with a power of 0.5 mW.
Post-pulse excitation, the TA spectra reveal transient positive and
negative spectral features. The positive TA change ≈490 nm cor-
responds to the d to sp (d-sp) interband transition of electrons in
Au, while the negative TA change ≈536 nm corresponds to the
bleaching of the LSPRs. The TA signal amplitude is directly pro-
portional to the number of hot electrons,[49,50] and the fast decay
of the TA bleaching signal indicates the cooling of the hot elec-
trons. Figure 6b shows the time evolution of the TA spectrum
at 536 nm, fitted with an instantaneous response function. The
hot electron lifetime (𝜏) is determined to be 2.94 ps, extracted by
fitting with the multi-exponential decay function. However, previ-
ous studies have shown that the hot electron lifetime spans from
1.2 to 2 ps for Au NPs deposited on SiO2 glass[51] and for vari-
ously sized Au NPs.[52] It is evident that the hot electron lifetime
for HGNIs extends beyond previously reported lifetimes for Au
NPs. It may be noted that MNPs with a hot electron lifetime (𝜏)
higher than ≈1.5 ps are preferred for photocatalysis.[53]

To assess the STH efficiency of the H-Au system, online gas
chromatography (Figure S28, Supporting Information) was em-
ployed. Figure 7a shows the rate of H2 evolution under expo-
sure to simulated solar light (AAA class solar simulator 1 Sun,
1000 mW cm−2) for durations up to 3 h. The absorption spec-
trum for H-Au glass (Figure 1d) spans from 480 to 700 nm,
with a peak centered at 536 nm, attributed to particle size dis-
tribution. Note that, the absorptivity of either H-glass or a thick
Au film remains below 10% for wavelengths beyond 600 nm.
Since, the solar spectrum comprises 3% UV (300-400 nm) and
40% visible (400-700 nm) light, the wide spectral response of H-
Au system ensures efficient light harvesting over a broad spec-
trum, covering the high-intensity portion of the solar spectrum
(400–700 nm). The H-Au sample exhibits a remarkable photo-

catalytic activity, yielding an H2 production rate of 6.1 mmol/h-
cm2 with the overall STH energy-conversion efficiency reaches
to 0.6%. Table S1 (Supporting Information) shows a compari-
son of the H2 evolution rate of different photocatalytic systems.
To investigate the effect of sacrificial reagents, which act as hole
acceptors, H2 production reactions are carried out with ethanol
and Na2S/Na2SO4. Interestingly, H-Au demonstrates a compara-
ble STH conversion efficiency in both deionized (DI) water and
with a sacrificial agent, as shown in Figure 7b. This indicates
that the H-Au can effectively produce H2 via water splitting with-
out requiring sacrificial reagents. Further, Figure 7c shows the
trend of solar H2 production over a 12 h period using H-Au in
the presence of water and moisture. A linear increase in H2 pro-
duction is observed in both scenarios during prolonged irradia-
tion, with a maximum of 40 mmol of H2 generated in the pres-
ence of water after 12 h, demonstrating a production rate of ap-
proximately two orders of magnitude greater than that achieved
in the presence of moisture. Additionally, the variation in STH
conversion efficiency at different sun intensities over time is de-
picted in Figure 7d. Figure 7e shows the cyclic STH performance
of the H-Au system, showing no decrease in photocatalytic ac-
tivity after six cycles. The STH values are strongly influenced by
both the reaction time and sun intensity, with the highest STH
value of 0.6% for H-Au achieved under one sun intensity over a
3 h period. Additionally, Figures S29–S32 (Supporting Informa-
tion) demonstrate the exceptional stability of H-Au, highlighting
the consistent bonding and chemical composition of HGNIs af-
ter photocatalytic measurements. The slight decrease in H2 evo-
lution may be linked to the formation of a hydrated layer, as il-
lustrated in Figure S32 (Supporting Information). In our previ-
ous study, we demonstrated that increasing film thickness results
in larger gold nano-islands. The consequential effect of Au film
thickness on STH performance was evaluated as illustrated in
Figure S33 (Supporting Information). A 50 nm thick film pro-
vides HGNIs with enhanced STH performance.

Scheme 1 shows the schematic presentation of the H2O split-
ting mechanism. Upon photoexcitation, resonant collective oscil-
lations of the free electrons in the HGNIs excite LSPRs. LSPRs
can localize the light at the corners/edges of the HGNIs, which
are called hot-spots and the electric field intensity at the hot-
spots[54,55] is extremely high. The non-radiative decay of plas-
mons in these hot spots results in the generation of hot electrons,
which are electrons excited from the conduction band to energy
states higher than the Fermi level of the metal through intra-
band transitions.[56,57] Hot electrons[58,59] quickly reach a Fermi-
Dirac distribution[57] due to rapid thermalization processes. This
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Figure 7. a) H2 evolution rate (left axis) from liquid water, and STH conversion efficiency (right axis) using the H-Au sample as photocatalyst. b) STH
conversion efficiency of H-Au in the presence of various sacrificial agents. c) Performance of H-Au sample as photocatalyst for H2 evolution from liquid
water and water moisture during the prolonged period, up to 12 h. d) STH conversion efficiency with increasing the sun intensity. e) Cycling photocatalytic
performance of H-Au sample.

Scheme 1. Schematic picture demonstrating the photocatalytic mechanism from H-HGNIs. a) Upon light excitation, the free conduction electrons in
HGNIs interacts with the electromagnetic field and oscillates collectively. The bottom figure represents the E-k diagram. On the left side of the E-k diagram,
curves represent hybridized adsorbate state. The lower part of these curves indicates occupied states, while the upper part signifies unoccupied states.
b) Hot electrons are generated due to the non-radiative decay of the plasmon at the hot-spots. c) (i) Due to the absence of potential barrier between the
HGNI and glass, the generated hot electrons are transferred to the unoccupied adsorbate states of H2O molecules through the CID phenomenon, and
convert them into the TNI, i.e., [H2O]−. (ii) the TNIs move along the excited potential surface and gain kinetic energy, responsible for the O-H stretching
vibrations. Depending on the energy level, one or more of the following events may occur: (A) H2O adsorbates dissociate into [H]+ and [OH]−; (B) the
adsorbates decay back to their ground state with excited vibrational energy, which lowers the energy barrier for dissociation; (C) the adsorbates release
energy to their surroundings and return to the ground state. d) The produced H+ ions eventually converted into H2.

Small 2024, 20, 2401131 © 2024 The Authors. Small published by Wiley-VCH GmbH2401131 (8 of 13)
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involves electron-electron scattering, which occurs within 100 fs
to 1 ps, followed by electron-phonon scattering that takes place
over 1 to 10 ps.[57,60] Eventually, this energy dissipates as heat into
the surrounding environment, a process taking between 100 ps
to 10 ns. In HGNIs, hot electrons possesses a lifetime of 2.94 ps,
as revealed from TA spectroscopy, and they will be transferred to
adsorbed H2O molecules through the plasmon-induced chemi-
cal interface damping (CID) process.[28,61,62] The CID-mediated
transfer of hot electrons predominantly occurs when chemically
adsorbed molecules are involved. For the H-Au system, contact
angle measurements indicate that H2O molecules chemically ad-
sorb more effectively to HGNIs, suggesting that the adhesive
forces between water molecules and HGNIs surpass the cohe-
sive forces, which is corroborated by the decreased contact angle
on H-Au relative to pristine H-glass (Figure S34, Supporting In-
formation). Further, SERS analyses (Figure 5) also support chem-
ical interaction between H2O molecules and H-glass supported
HGNIs.[63] Moreover, the presence of both Au+ and Au− in the
HGNIs likely facilitates the binding of H2O molecules to the H-
glass supported HGNIs.[63]

Consequently, the hot electrons generated in the HGNIs pop-
ulate the unoccupied excited state or antibonding orbital of the
adsorbed H2O molecule through the CID,[64,65] undergo charge
polarization, and form transient negative ions (TNIs), denoted
as (H2O)−. These TNIs subsequently release the acquired elec-
trons back to the HGNIs and eventually transfer vibrational en-
ergy to the H2O molecules. This is called desorption induced by
electronic transition (DIET), and it is highly used in noble metal
photocatalysts.[66] Once sufficient vibrational energy is accumu-
lated, H2O molecules dissociate into O-H− and H+ ions,[28,67] as
shown in Scheme 1. In time-dependent density functional theory
studies, Yan et al. suggest that the direct transfer of hot electrons
from the Au MNPs to strongly adsorbed water molecules[68] elon-
gates the O-H bond, leading to the dissociation of H2O into hy-
droxyl group (OH−) and H2 (H+). Importantly, it should be noted
that these photo-induced dissociations do not necessitate a net
energy transfer to the products.[28] The H+ ions further acquire
electrons from the H-glass supported HGNIs, ultimately form-
ing H2.

The photocatalytic efficiency of H-HGNIs is significantly in-
fluenced by three key factors: (i) Potential barrier: The lifetime
of hot electrons for metal photocatalysts lies less than 1 ps,[57]

and it is too short for processes like CID. However, longer life-
times can be achieved by preventing the carriers from flowing
back to the substrate. In the HGNI substrate, a high potential
barrier at the interface between metal and underlying insulator
glass substrate blocks the hot electron flow, extending the lifetime
for escalating CID of H2O molecules.[31] In general, the pres-
ence of transition metals or metal oxides in oxide glasses induces
electronic conductivity and thereby enhances the total conductiv-
ity of the glass system.[69] The electrical conductivity measured
at various temperatures is equivalent for both H-glass and H-
Au glass, as demonstrated by impedance spectroscopy results,
Figure S35 (Supporting Information).[70] This clearly indicates
the lack of electron transition between HGNIs and H-glass; (ii)
Electric field: as revealed from FDTD simulations, strong elec-
tric fields are localized at the surfaces of the HGNIs due to the
LSPR excitation. These fields alter the charge excitation process
and facilitate the efficiency of charge transfer;[28,71,72] (iii) Multi-

ple interfaces within the HGNIs: The existence of multiple inter-
faces between Au and Au-compounds within the HGNIs allows
an energy dissipation from plasmonic Au to Au-compounds. The
significant reduction in contact angle and the enhanced chemi-
cal interaction due to multiple oxidation states, coupled with the
extended lifetime of hot electrons facilitated by multiple inter-
faces and the substantial potential barrier between the glass and
HGNIs, collectively play a crucial role in improving the photocat-
alytic efficiency of HGNIs for visible light-driven water splitting.
It should be noted that the concentration of elements from the
H-glass within each HGNI at increasing depths and the specific
role of Au compounds in photocatalytic performance are still sub-
jects of active research. Furthermore, the role of the interfaces
within HGNIs in relation to photocatalytic efficiency require fur-
ther investigations.[35]

3. Conclusions

In summary, this work presents the integration of HGNIs on
an in-house developed H-glass structure for photocatalytic appli-
cations. The H-glass-supported HGNIs act as an efficient plas-
monic photocatalyst for producing H2 through water splitting,
achieving a high STH conversion rate of ≈12.5 mmol/h-cm2 un-
der visible light exposure and at room temperature. This high
STH conversion rate is attributed to the formation of various Au
oxidation states arising from the strong interaction between H-
glass components (P/Al/Si/Na) and GNIs, as well as the presence
of multiple interfaces within the HGNIs, which collectively facil-
itate charge-driven- photocatalytic reactions. This innovative ap-
proach promises efficient immobilization of similar metal cata-
lysts, offering benefits in terms of heterogeneous durability, pro-
cessability, and practical applications. Given these findings, the
rational design of HGNI on H-glass appears to be an excellent
method for improving charge separation and utilization, leading
to highly efficient solar-to-fuel conversion systems.

4. Experimental Section
Synthesis of Glass and Deposition of HGNIs: A commercially viable

melt–quenching technique was utilized to prepare the H-glass. The precise
quantities of technical-grade powders of sodium carbonate (Na2CO3), sil-
icon dioxide (SiO2), ammonium dihydrogen phosphate [(NH4)H2PO4],
and aluminum oxide (Al2O3) were ground with isopropanol using an
agate mortar and pestle for uniform mixing. Subsequently, the mixture was
melted at 1600 °C for an hour in a Pt crucible. The resulting melt was then
rapidly cooled in air on a preheated stainless-steel plate at 450 °C, and sub-
sequently annealed at 600 °C for 60 min. The amorphous nature of H-glass
was confirmed using the XRD profile, Figure S1 (Supporting Information).
For characterization purposes, polished and cleaned glass slides of 10 ×
10 × 1.5 mm3 were utilized throughout the study. After cleaning, the glass
slides were loaded in an Agar Auto Sputter Coater (Model: 108A, UK) to
coat the Au thin film, with a thickness of 50±3 nm. The thickness of the
deposited film was monitored using an Agar thickness monitor (Model:
MTM–10). After depositing Au, the glass samples were processed for ther-
mal heat treatment at 550±5 °C for 15 min in an ambient air atmosphere.
After subjecting the glass slides to a heat treatment process, the durability
and integrity of the Au layer were assessed. The glass surfaces were rubbed
with a cotton cloth towel several times to remove the Au layer. The glass
slides were also processed for cleaning using a similar protocol followed
before initiating the Au coating on the glass substrates. The glass slides
were then processed for further characterization.
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Glass Transition Temperature (Tg): Specific heat (Cp) as a function of
temperature from room temperature to 700 °C under N2 atmosphere was
measured for H-glass and H-AU, using the Differential Scanning Calori-
metric (DSC) technique at a heating rate of 10, Kmin-1 using Netzsch DSC
thermal analyzer (Model: 404 F3 Pegasus, Germany).

FESEM, STEM, and EDS Measurements: SEM images of embedded
HGNIs on the H-glass substrate were captured using a Thermo Fisher
Scientific Apreo S FESEM instrument with an accelerating voltage of 10–
30 kV in the high vacuum mode. The presence of Au, P, and other elements
(Na, O, Al, and Si) and their atomic percentage, elemental mapping, and
line scans were acquired using an inbuilt FESEM energy-dispersive x-ray
(EDAX) detector (Ultra Dry Silicon Drift Detector). EDAX detector’s spec-
ified resolution was 129 eV. Pathfinder X-ray microanalysis software was
used to acquire the EDAX data. High-angle annular dark-field, dark-field,
and bright-field scanning transmission electron microscopy were acquired
with ADF, STEM 3+ detectors. Secondary electron images were captured
with an ETD detector. For STEM imaging, detached HGNIs containing ace-
tone solvent of ≈15 μL drop-costed on the Lacey carbon-coated copper grid
with a mesh size of 400. The grid was kept in a vacuum oven at 80 °C for
12 h before the microscopy experiment.

UV–Vis Absorption: Optical absorption spectra for H-glass and H-Au
were recorded in the wavelength range of 250−900 nm using a Thermo
Scientific UV–vis absorption spectrometer (Model: Evolution 200, U.S.).
The stability of HGNIs embedded in the hosts was checked by recording
the optical absorption spectra before and after cleaning with water.

XRD Measurements: XRD diffraction pattern of samples was per-
formed in PAN analytical (X’Pert PRO, 40 kV, 30 mA, wavelength
≈0.154 nm) and Bruker AXS D8 Advanced equipment (40 kV, 40 mA, wave-
length ≈0.154 nm) with Cu K𝛼 radiation.

FDTD Simulations: Finite-difference time-domain (FDTD) simula-
tions of HGNIs were conducted using Lumerical FDTD Solutions. The
reconstructed HGNI structures were imported into the FDTD toolbox,
and appropriate material properties, in terms of complex refractive in-
dices, were assigned for both Au (following the Johnson and Christy
model[73]) and H-glass chemistries. For FDTD simulations, linearly po-
larized light with a specific wavelength of 532 nm was introduced using a
total-field/scattered-field source oriented in the -z direction. A uniform grid
size was employed throughout the entire simulation volume. To analyze
the electric field distribution around the HGNIs, a combination of perfectly
matched layer (PML) absorbing boundary conditions and frequency do-
main field profile monitors was employed. Throughout these simulations,
we employed water as the surrounding dielectric medium.

Ultrasonication: To remove the embedded HGNIs from the H-Au
glass, ultrasonication was performed using a bath sonicator (Barson 1800,
frequency of 40 kHz, Power 90 W). Initially, the substrate was kept at the
bottom of a 10 mL glass vial, and then 3 mL of acetone was added. The
H-Au glass with vial was bath sonicated for 3 h 30 min with different time
intervals with the help of chilled water circulation. After this process, the
substrate was removed from acetone. High-speed centrifugation was per-
formed at 8000 rpm for 30 min to sediment the separated HGNIs from the
glass matrix in the solvent. After centrifugation, the top 99% of the acetone
was removed entirely. It was observed that a light-red-colored sample dis-
persed in a slightly concentrated form, ≈100 μL of HGNIs in acetone was
preserved and used for further imaging analyses.

Wavelength Dispersive Spectroscopy Measurements: The electron probe
microanalyzer EPMA-1720HT, manufactured by SHIMADZU in Japan,
equipped with Wavelength Dispersive Spectroscopy (WDS), was utilized
for chemical analysis measurements. The instrument had an energy reso-
lution of 20 eV for WDS measurement. Within the EPMA-1720 HT, there
were two spectrometer units, each set at a take-off angle of 52.5 degrees.
The first unit contained RAP and PbST crystals with an EXA Detector, while
the second unit featured LIF and PET crystals with an FPC Detector. Dur-
ing WDS measurements, all samples were exposed for 1 min at a working
distance of 5 mm.

TEM Sample Preparation: Rectangular shape slices having dimen-
sions of 2.5 × 10 × 1 mm3 were obtained from H-Au. These slices were
sandwiched using wax, so the HGNIs were located at the center. Then, the
rectangular-shaped samples were converted into solid cylindrical-shaped

models with diameters of 2.5 mm and lengths of 10 mm. In this solid
cylinder, the HGNIs on H-Au glass lie along the cylinder’s axis. Finally, the
cylindrical piece was inserted into a stainless-steel cylindrical tube. A thick
TEM grid sample of 250 μm with ≈2.5 mm diameter was obtained from a
stainless-steel tube. The thickness of the grid-like disc was then reduced
to 60 μm by polishing on both sides. Then, the 60 μm grid-like disc was
dimple-grinded to 40 μm. Finally, after observing the continuity of the in-
terface in the sample using a microscope, the grid-like disc was subjected
to ion milling till the formation of lens shape at the interface.

TEM Measurements: The morphology and high-resolution lattice im-
ages of the HGNIs were obtained using a transmission electron micro-
scope (JEOL 2100 Plus) fitted with a single crystal of lanthanum hexa-
boride (LaB6) thermionic emission gun. HR-TEM images were obtained
at an accelerated voltage of 200 kV in the high-vacuum mode. Oxford X-
Max EDAX detector was used for elemental analysis. EDAX detector was
made on a large-area Silicon Drift Detector (SDD) with an active area of
80 mm2. The specified energy resolution was 129 eV, and the detector con-
tained an SATW ultra-thin polymer window. The electron beam resolution
was 0.19 nm. The suspended HGNIs in acetone were re-dispersed using
bath sonication before depositing on a Lacey holey carbon TEM grid and
subjected to 12 h at 60 °C in a vacuum oven and used thereafter for elec-
tron microscopy analysis.

XPS Depth Profile Measurements: The XPS experiment, which aimed to
determine the surface oxidation states of individual chemical entities, was
conducted using a PHI 5000 Versa Probe II instrument manufactured by
Physical Electronics, U.S. Monochromatic aluminum K-alpha X-ray with a
photon energy of 1486.7 eV and diameter 400 micrometer was employed
as its source. The measurements were conducted with a pass energy of
11.75 eV and a step size of 0.10 eV. XPS depth profiling refers to a tech-
nique wherein the composition and chemical information of materials are
analyzed at various depths below the surface. XPS depth profile spectra
were acquired to investigate how the elemental and chemical composi-
tion of H-Au glass changes as a function of depth, providing insights into
surface and near-surface characteristics. For depth profiling, an Ar+ ion
gun with an energy of 2000 eV was employed for sputtering, with a sput-
tering rate of 0.49 nm/s. The XPS depth profiling process achieved a total
depth of 300 nm through etching by multiple sputtering cycles.

XPS spectra were analyzed with the help of the CASA program. The
quantitative analysis of various oxidation states of constituents was done
by calculating the area under the corresponding deconvoluted curves. The
deconvolution of the peaks was carried out based on the three parameters,
first: keeping the area ratio of 4f7/2 and 4f5/2 as 4:3, second: maintaining
the spin-orbit separation distance of 3.67 eV between 4f 7/2 and 4f5/2, third:
retaining the FWHM of 4f7/2 and 4f5/2 same.

Atomic Force Microscopy: Atomic force microscopy (AFM) character-
ization was performed to measure the diameter and depth of the cavity
created after subjecting the H-Au glass to ultrasonication in non-contact
mode using a Park Systems XE7 model. A cantilever with a Si tip of ≈10 μm
in length for the AFM analysis was utilized. AFM images were acquired
with a resolution of 256 × 256 image pixels, a resonance frequency of
325 kHz, an amplitude of 36.74 nm, and a set point of 15 nm. Initially,
a 3D topography image of a 10 μm × 10 μm area was obtained to distin-
guish between the embedded and removed HGNI particles on the sub-
strate. Once the embedded and removed particles became clearly visible,
a smaller topography scan of ≈4 μm × 4 μm in size was conducted. This
allowed to observe the depth (Cd-Largest distance from the surface) and
diameter (CD-largest distance across X) of the cavities of the removed
particles, as shown in Figures S5 and S7 (Supporting Information). The
values of height profiles, CD, and Cd are measured for 20 cavities using
AFM imaging processing software (XEI).

Photocatalytic Measurements: The photochemical conversion experi-
ments were performed in a customized 30 mL volume. The outer body
was made of Al, and light passed through a 10 mm thick fused quartz
plate, which was used to pass UV-Vis-NIR regions of light when required.
In all the experimental studies, A catalyst and 5 ml of type 1 water (18.2
MΩ.cm LABJAL) were placed in a circular glass petri dish (3.8 cm inner di-
ameter). AAA class solar simulator equipped with 300 W Xenon lamp and
AM 1.5G filter (Sciencetech, Canada) is used to illuminate 1 SUN, and the
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Sun level of solar simulators was monitored and verified using the SSIVT-
REF (125-9007) single element silicon detector. The SSIVT-REF detector
was calibrated to the NIST traceable calibrated reference cell and was ef-
fective for sensing wavelengths between 190 nm and 1100 nm. The reac-
tor was filled with inert gas 99.999% Argon of 2 bar against atmosphere
pressure, and the reactor outlet was connected to the gas chromatography
(TRACE 1310, Thermo scientific equipped with a thermal conductivity de-
tector (TCD)) injection port online. A sample of 1 mL gas was injected for
quantification of H2 evolution after every hour of light illumination. Before
light illumination, a degassing process was performed by flushing Argon
gas to remove any residual gases from the whole system; this process was
repeated thrice.

Solar/Visible Light-to-Hydrogen (STH) Energy Conversion: The standard
protocol for the STH conversion efficiency was followed as follows:

STH (%) = 100 ×
Output energy as H2

Energy of Incident solar light

= 100 ×
rH2

(
mol
Sec

)
ΔGr

(
J

mol

)

PSun

(
W
m2

)
S
(
m2

) (1)

where Psun is the energy flux of sunlight (1 Sun = 1000 W m−2), S is the
irradiated area (=0.0001 m2), rH2 is the rate of H2 production (see the
supporting Excel Sheet Data S1), and ΔGr is the reaction Gibbs energy
(=235000 J mol−1).

SERS Measurements: Surface-Enhanced Raman Spectroscopy (SERS)
measurements were conducted utilizing a confocal LabRAM HR800 Ra-
man spectrometer (HORIBA Jobin Yvon). The excitation source employed
for these experiments was a 532 nm wavelength laser (Nd–YAG, Oxxius)
operating at various power levels, specifically 5 mW, 10 mW, and 20 mW.
To capture the Raman signals, 600 grooves/mm grating was utilized along
with a 50 × long working distance objective lens featuring an 8 mm work-
ing distance. A Synapse charge-coupled-device (CCD) camera was em-
ployed for data collection. The resulting spot size achieved in the mea-
surements was ≈2 μm. To investigate the time-dependent behavior of the
samples under examination, Raman spectra were acquired over a period
ranging from 3 to 15 mins during continuous illumination with the 532 nm
laser at different power levels.

Transient Absorption Spectroscopy: Transient absorption spectroscopy
(TAS) was carried out on the H-Au sample using the optical pulse source
from a Ti: sapphire crystal laser amplifier (Micra, Coherent) (35 fs, 4
mJ/pulse, 1 kHz, 800 nm). A beam splitter was used to split the beam
into two parts (70:30 ratio). A TOPAS-C, an optical parametric amplifier,
was used to vary the wavelength of the high-intensity beam (pump) from
190 to 2600 nm. A sapphire crystal was used to convert the low-intensity
beam (probe) into a white light continuum. Both the pump and probe were
spatially overlapped on the sample. The transient absorption spectra (op-
tical density) were expressed in terms of the difference in absorbance of
the sample with and without the pump.

Contact Angle Measurements: The contact angles of H– and H–
Au glasses were measured at room temperature utilizing an automat-
ically controlled droplet volume, followed by axisymmetric drop shape
analysis via Image J software. The Ossila contact angle Goniometer
(model: L2004A1, UK), which uses a CCD camera for the measurement of
surface tension and image analysis processing software, was utilized for
the contact angle measurements. The deionized water droplet volume was
0.5 μL and was recorded 3 s after the drop was deposited on the glass sub-
strates.
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