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Abstract text: Durability is still one of the key obstacles for the further development of
photocatalytic energy-conversion systems, especially low-dimensional ones. Encouragingly,
recent studies show that nano insulators such as SiO> and MgO exhibit substantially enhanced
photocatalytic durability than the typical semiconductor p25 TiO». Extending this knowledge,
we developed MgO-Au plasmonic defect nanosystems that combine the stable photoactivity
from MgO surface defects with energy-focusing plasmonics from Au nanoparticles (NPs),
where Au NPs were anchored onto monodisperse MgO nanotemplates. Theoretical
calculations revealed that the mid-gap defect (MGD) states in MgO were generated by oxygen
vacancies, which provide the main avenues for upward electron transitions under
photoexcitation. These electrons drive stable proton photoreduction to H. gas via water
splitting. We demonstrate a synergistic interaction between Au’s localized plasmons and
MgO’s oxygen vacancies, which enhances MgQO’s photoactivity and stability simultaneously.
Such co-enhancement is attributed to the stable longitudinal-plasmon-free Au NPs, which
provide robust hot electrons capable of overcoming the interband transition barrier (~1.8 eV)
to reach proton reduction potential for Hx generation. The demonstrated plasmonic defect
nanosystems are expected to open a new avenue for developing highly endurable photoredox
systems for the integration of multi-functionalities in energy conversion, environmental
decontamination and climate change mitigation.
1. Introduction

Localized Surface Plasmon Resonances (LSPRs) are collective oscillations of the free
electrons near the vicinity of metal nanostructures (e.g., Au, Ag, Al and Cu), and have been

widely researched for their applications in bio-/chemical sensing,’** energy conversion,17
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environmental decontamination,[**15  plasmon-polariton coupling,*®%8 single-molecular
coupling®™ and quantum plasmon resonances,?? etc. In this work, we will focus on
photocatalysis, an emerging application field for plasmonics. Generally, by introducing
LSPRs into a photocatalytic system, light energy is concentrated into nanoscale volumes, so
we expect improved cost-effectiveness. In other words, the increase of the functional
performance is expected to outweigh the cost increase brought by LSPR-nanomaterials such
as Au and Ag. To achieve this, a fine chemical synthesis strategy is required to controllably
anchor on-demand LSPR-nanomaterials onto the surface of photocatalytic templates.
Furthermore, accurate understanding of the local LSPR behavior of nanoparticles (NPs) is an
important prerequisite for utilization and maximization of LSPR’s functionalities in
photocatalysis. Considerable efforts have been made towards coupling Au nanostructures to
various semiconductors, such as TiO,,[?Y CdS,22 WQs,[? BisTaO/*? and MoS,,® for
promoting water splitting reactions.[!” By contrast, LSPRs from Au nanostructures on
insulator photocatalysts (e.g., SiO2, Al203 and MgO) are rarely reported.

Chemical stability is one of the key bottlenecks for further industrialization of
photochemical systems. As observed in our previous work,!?* even the successful material
TiO> still meets photochemical stability issues when it is downscaled to the nanoscale for
energy conversion. Nanoscale TiO> loses its efficacy faster than the insulator photocatalysts
SiO2 and MgO in which functional photocatalysis arises from the photoreduction by the
excited electrons at mid-gap defect states which protect insulators from being directly reduced
by electrons. By using the synthesis route from our recent work!?l as a starting point, we aim
to produce MgO in which - by its mesoporous nature - a large part of the surface defects are
exposed to the environment. It then becomes interesting to ask the question: can we integrate
the durable light-focusing action of Au NPs to further enhance the photocatalytic activity of

MgO without degrading its photochemical stability?
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Herein, we investigate the effects of interactions between LSPR and defect states on
photocatalysis, by anchoring Au NPs onto mesoporous MgO nanocrystals to form the MgO-
Au nanocomposites. Our results show that the photocatalysis from non-intrinsic defect
electrical states of nanoscale MgO is significantly improved by introducing Au NPs as local
surface nanoplasmonic resonators. Importantly, the MgO-Au system exhibits a stable
photocatalysis for hydrogen generation from water splitting. By fine characterization on Au’s
LSPR with monochromated electron energy-loss spectroscopy (EELS) in a scanning
transmission electron microscope (STEM), the Au NPs’ distinctive size- and shape-dependent
local plasmon resonance peaks were observed. The typical plasmon resonances of Au NPs at
high energy (~2.3 eV) are consistent with the ultraviolet-visible (UV-Vis) absorption under
far-field conditions and contribute most to the photocatalysis enhancement, while the low-
energy resonances contribute less. The stable H. production of the MgO is associated with
non-intrinsic surface electrical states, i.e. the defect energy levels as signified by density
functional theory calculations, and the enhanced H. production from MgO-Au
nanocomposites is associated with Au’s local surface nanoplasmonic enhancement on the

photocatalysis.

2. Results and Discussion

2.1. Synthesis and Characterization of MgO-Au Nanocomposites

Monodisperse  MgO NPs with mesoporous morphology (Figure Slab, Supporting
Information) were synthesized by a facile green approach as presented in our recent work.[?*
The diameter of the as-synthesized mesoporous MgO NPs is about 84 = 11 nm (Figure Slc,
Supporting Information). As described in the Supplement, Au NPs were integrated onto the
surface of MgO NPs to form the MgO-Au nanocomposites. The X-ray diffraction (XRD)
patterns (Figure 1a) show that the MgO component of MgO-Au nanocomposites exists in a

single, exclusively face-centered-cubic phase (space group: Fm-3m, JCPDS: 45-0946), which
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is consistent with the pure MgO NPs (Figure S2, Supporting Information). Powder X-ray
diffraction (PXRD) analysis measures the crystal parameters to be a=b = ¢ =4.211 A, and no
diffraction peaks from any other chemical species such as Mg(OH). or MgCO3 are detectable.
For Au component of MgO-Au nanocomposites, all of the peaks in the XRD patterns (Figure
la) matched well with the cubic Au (space group: Fm-3m (225), JCPDS 04-0784).
Transmission electron microscopy (TEM) and high-angle annular dark-field (HAADF)-
STEM characterization were employed to further investigate the composite of MgO-Au
nanocomposites. It can be seen that a large number of Au NPs were loaded on the surface of
MgO NPs (Figure 1b,c), the average size of Au NPs is 12.6 + 1.5 nm (Figure S3, Supporting
Information). The observed interplanar distance between the lattice fringes is 0.21 nm in MgO
crystal (Figure 1d) and 0.23 nm in Au (Figure 1e), corresponding to the (200) planes of MgO
and (111) planes of Au, respectively, confirming the crystalline nature of both components in
the MgO-Au nanocomposites.

One common characteristic of MgO and Au is their chemical stability, which is essential
for durable operations under strong light illumination and also makes them feasible for
oxygen plasma treatments. In order to remove their capping ligands oleylamine (OM) and
oleic acid (OA), we employed an oxygen plasma treatment on the dried MgO-Au
nanocomposites powders. Encouragingly, the oxygen plasma treatment, a low-cost
environment-friendly technique, is very efficient in cleaning the nanomaterial surfaces by
removing the organic capping ligands, as demonstrated by the Fourier transform infrared
(FTIR) spectra (Figure S4, Supporting Information) and contact angle (Figure S5, Supporting
Information). Furthermore, the phase of MgO-Au nanocomposites after plasma treatment was
confirmed by XRD pattern (Figure S6, Supporting Information), which was similar to the
XRD pattern of the initial MgO-Au nanocomposites (Figure 1a).

Figure 2 shows the room-temperature UV-Vis absorption and photoluminescence (PL)

spectra of MgO-Au nanocomposites and pure MgO NPs as control. All of the colloidal
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solutions exhibited continuous absorption across the UV wavelength range. Two broad
absorption peaks were obviously observed around 220 nm (5.6 eV) and 270 nm (4.6 eV),
which are usually ascribed to be from the excitation of defect states, which belong to O%
surface anions on the edge (4-fold coordinated) and on the corner (3-fold coordinated) of the
MgO nanocrystal,[?>%® respectively. These defect energy levels sit in the band gap of MgO
(Egmgo = 7.8 eV).[2728 For MgO-Au nanocomposites, a new absorption peak at 530 nm
appeared and the intensity increased with higher Au loading (Figure 2a and inset). This peak
results from the excitation of localized plasmon resonances in the Au NPs, and higher Au NPs
loading generates stronger plasmon resonance absorption. Although MgO is a wide band gap
insulator, optical transitions in the visible range were observed in our mesoporous MgO NPs.
Figure 2b shows PL spectra of pure MgO NPs and MgO-Au nanocomposites at an excitation
wavelength of 340 nm. The dominant PL emission centered at ~430 nm, i.e. 2.9 eV, originates
from the surface states and the presence of structural defects, such as oxygen vacancies,?°-3!
to be discussed in more details below. Furthermore, the XPS spectra of O 1s show that
oxygen vacancies are present in the as-prepared MgO and MgO-Au samples (Figure S7,
Supporting Information). It is worth mentioning here that the intensity of both UV-Vis and PL
absorption from the MgO component of MgO-Au nanocomposites decreased with higher Au
loading (Figure 2a,b), in stark contrast to the UV-Vis absorption from the Au component

itself (inset of Figure 2a).

2.2. Monochromated EELS Study of Individual Au NPs on MgO NPs

The optical activity of Au NPs results from their LSPRs, so we used monochromated EELS in
a STEM to characterize localized surface plasmons in the Au NPs. The experimental
configuration for the EELS plasmon resonance measurements is schematically illustrated in
Figure 3a. Due to the high spatial resolution of this technique, the EELS spectra can be

measured from individual Au NPs on MgO NPs. In our experiments, we used the typical
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MgO-Au nanocomposites with loading 23 wt% Au NPs, as determined by inductively
coupled plasma atomic emission spectroscopy (ICP-AES) measurements. As seen from the
STEM image of Figure 3b, the grey sphere-like structure is MgO and the small, brighter
particles are Au NPs, which are grown on the mesoporous MgO NP. Spectra were acquired by
placing the electron beam at locations I-VII to investigate the Au size/shape effects (Figure
3b), and the obtained EELS spectra for MgO, Au and MgO-Au nanocomposites are presented
in Figure 3c. Spectra I11-V and VII have no MgO component, which would otherwise show
the band gap onset at 7.8 eV - see the arrow. During these EELS measurements, the 1 nm?
electron beam was placed next to the Au NPs, just off the MgO (Figure 3c), so indeed no
signal from MgO is expected in these cases. In contrast to the absorption spectra in Figure 2a
measured under far-field conditions, there is no obvious peak in the EELS spectrum for pure
MgO at positions I, 1l and VI, as shown in Figure 3c. This might imply that the defect states
in the single MgO NP are not uniformly distributed, or degrade too fast under electron
irradiation to be detectable in the EELS spectrum. The onset of the MgO internal band gap at
7.8 eV, on the other hand, is clearly visible.

Interestingly, the EELS spectrum of MgO-Au nanocomposites shows strong peaks at
1.37 and 1.62 eV and weaker, broader peaks in the range ~1.8-2.5 eV. The EELS maps in
Figure 3d show that the signal from the low-energy peaks is localized at large or touching Au
NPs. These elongated volumes of Au would allow longitudinal plasmon modes to be
established, which will not be possible in individual spherical Au NPs. Such longitudinal
modes are occurring locally with oscillation frequencies—and hence energy values—strongly
dependent on the exact size and shape of the elongated Au volume.*? The high-energy peaks
around 2.5 eV occur in all Au NPs and are typical transverse (short-distance, high-frequency)
oscillations, the spectral amplitude of which depends on the number of electrons involved in
the oscillations, and therefore, on the size of the Au NPs. High-energy peaks in the range

1.8-2.5 eV were also seen on more measured Au NPs than shown here, and the range for
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these near-field individual resonance peaks matches the far-field collective UV-Vis peak at
~2.3 eV (i.e. 530 nm) from Au in MgO-Au nanocomposites (Figure 2a). This makes sense: on
the individual MgO-Au nanocomposite presented in Figure 3, a few strong longitudinal
modes occur on elongated and touching particles, but on other MgO-Au nanocomposites,
their length will be different, giving peaks at different energies. The high-energy modes from
the non-touching Au NPs on the other hand, always occur in the range 1.8-2.5 eV on all
MgO-Au nanocomposite, so in a collection of millions of these structures (UV-Vis
experiments), the high-energy peaks add up and become dominant, while the low-energy

peaks average out.

2.3. Stable H2 Production from MgO-Au Nanocomposites

Subsequently, we performed a study of the photocatalytic activity for hydrogen production
using either pure MgO NPs or MgO-Au nanocomposites with different Au NPs loadings, in
the presence of methanol that resembles organic contaminants in wastewater (see
Experimental Section for details). The obtained H> production results are presented in Figure
4. It is encouraging that the defect states of pure MgO NPs suspensions show photocatalytic
activity in producing H» through water splitting. As shown in Figure 4a, the average H>
production rate from pure MgO NPs is ~8.3 umol g hl. It is quite remarkable that the H.
production rate from pure MgO NPs actually improves with time (Figure 4b), in contrast to
many H. production systems with deteriorating performance over time, i.e. TiO2,1%2 MoS,,[**!
ZnO-CdS,B4 CuGaS, and ZnO-TiO,-CuO,B% to name a few. As shown in Figure S8
(Supporting Information), we compared time-dependent H> production between MgO NPs
and commercial TiO2 (p25). From the results, we can see the stability of MgO is better than
p25 as the H, production amount increases with time for MgO, while tends to saturate for p25.
This is attributed to the large band gap and high chemical stability of MgO. The production of

H> from pure MgO NPs indicates that photo-excited electrons in the surface defect energy
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levels of MgO can be harvested to reduce protons (H") from water for Hz production. At the
same time, this result demonstrates that an oxygen plasma treatment is an effective method to
remove the organic surfactants from nanomaterials synthesized via the oil-phase strategy.
After the oxygen plasma treatment, MgO NPs have hydrophilic surfaces and become
dispersible in water. This guarantees the direct contact between MgO NPs and water, enabling
the photo-excited hot electrons to reach the protons for producing Hz. As magnesium is the
fourth-most-abundant element on Earth (behind iron, oxygen and silicon), our simple scalable
processing with ultra-stable performance could mean a much-improved economy for H;
production and waste treatment.

The presence of Au NPs on the surface of MgO NPs also has a dramatic effect on the
efficiency of the photocatalytic H> production. A series of measurements was done in which
the amount of Au NPs in MgO-Au nanocomposites was varied from 13 wt% to 48 wt%
(determined by ICP-AES). Figure 4a shows that the MgO-Au nanocomposites containing 23
wt% Au exhibited the highest Hz production rate of ~24.7 pmol g h'* compared to other Au
NPs loadings, almost three times faster than the pure MgO NPs. Higher Au NPs loadings (e.g.,
38 wt% and 48 wt%) lower the catalytic performance, even below that of pure MgO in the
case of Au NPs loadings of 48 wt%. This can be explained by the fact that an increased
coverage of the MgO surface reduces its direct light absorption, resulting in less photoexcited
excitons. In addition, for these high-loaded MgO-Au nanocomposites, there is a higher chance
that the Au NPs will be in mutual contact, yielding longitudinal surface plasmons at energies
below ~1.8 eV. When plasmons are excited below this energy, the electrons will not have
enough energy to undergo interband transitions in the Au,®"l as discussed below, so no hot

excitons will be excited that may contribute to proton reduction.

2.4. Density Functional Theory Calculations
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Previous work has considered the nature of bulk defect states.’Y) As we are studying MgO
NPs, here we aim to rationalize the observed UV-Vis absorption and PL features by
considering surface defects. We have used density functional theory calculations84% with the
PBEO functional® on slabs of MgO, as described in the Supplement. Surface oxygen
vacancies were the only defects that led to appreciable changes to the band gap region. In
particular, notches exposing (110) surfaces that might be expected to yield states associated
with 4-fold coordinated oxygen atoms did not lead to any gap states.

The calculated PBEO density of states for a MgO slab with a surface oxygen vacancy is
shown in Figure 5. The lowest energy unoccupied states are surface states in the absence of
oxygen vacancies, which appear below the bulk conduction band minimum. Oxygen
vacancies in the surface do not significantly alter this lowest energy unoccupied state.
However, oxygen vacancies do introduce mid-gap defect (MGD) states, centered 3.1 eV
above the top of the valence band. As indicated in Figure 5, these states correspond
principally to electrons localized within the oxygen vacancy. The lowest energy unoccupied
state ~2.9 eV above the MGD energy level is the pristine surface state aforementioned, which
matches well to the PL emission center as observed (Figure 2b). Similar states that have been
perturbed by the presence of the oxygen vacancy appear higher in energy as shown in Figure
5. Virtual states that are dominated by the oxygen vacancy, i.e. local excitations (LE) of the
MGD states, first appear at the energy around 4.5 eV above the MGD state. Note that the
spatial extent of the respective calculated projected densities indicate that there is significantly
more overlap between the orbitals of the MGD states and these LE states around 4.5 eV than
between the MGD states and lower energy surface states. This is consistent with the observed

absorption peak at 4.6 eV from the MgO as shown in Figure 2a.

2.5. Insight into H2 Production from MgO-Au Nanocomposites

10
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The diagram in Figure 6 proposes an explanation for the H> production of MgO NPs and its
enhancement for MgO-Au nanocomposites.'®4?l Without Au NPs loading, MgO itself
exhibits photocatalytic activity in H> production, as shown in Figure 4a. The surface electron-
hole pairs will be generated when electrons transit from MGD to LE states after
ionized/photoexcited via absorption of UV light at 270 nm/4.6 eV.[?>2631 These excitonic
electrons subsequently relax to lower energy levels, as indicated in Figure 6. The reduction of
protons to H, may happen at the interface between the MgO surfaces“>#3 and water while
matching the requirement that the energy level of the photoexcited electrons is higher than the
proton reduction level (the H*/H potential, Figure 6).

The band diagram for Au NPs in Figure 6 is derived from earlier work by Bond,“4
showing that the electrons nearly fill the 5d band and can be excited into the 6sp band via an
interband transition of around 1.8 eV. Interestingly, this energy can be provided by surface
plasmons, as long as the plasmon frequency is high enough to provide more than 1.8 eV of
energy. And as discussed above, this is indeed the case for Au NPs that are small spheres or
only slightly elongated. Large, elongated particles on the other hand, or nanoparticles that are
in mutual contact, will generate longitudinal plasmons that resonate below 1.8 eV,B323745] not
providing enough energy to the electrons to undergo the interband transition. But with small
enough, non-touching Au NPs, the oscillating electrons in the plasmon will have enough
energy, and in each oscillation cycle, some of them will be excited into the 6sp band as hot
electrons, while simultaneously creating hot holes. This relatively efficient excitation process
results in fast electron damping in Au for plasmons that resonate at energies above ~1.8 eV.[*°]
Normally, the hot excitons thermalize in the Au,[“®4] but when the surrounding material
provides nearby stable sites for the hot electrons, some of them will transfer out of the Au into
these sites. This is the mechanism we propose here to explain the observed plasmon-
stimulated photocatalysis: some of the hot electrons transfer into the MgO surface defect

states where they are trapped and become available to reduce protons.
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The lifetime of hot electrons in plasmon resonances is not much longer than the plasmon
oscillation cycle itself, which is around 2 femtoseconds for the plasmons between 1.8 and 2.5
eV that we discuss here. Once they are trapped in defect states, the hot electron lifetimes are
greatly enhanced.*! A similar mechanism has been proposed for Au/TiO2 heterostructures,
where surface oxygen vacancies were shown to enhance photocatalytic H2O-splitting.[*8l On
the other hand, the local electric field from Au plasmons benefits the electron-hole
separation,¥ thus further enhancing electron lifetimes. The increased lifetime of the hot
electrons in MgO surface defects makes them more readily available to reduce protons,
producing Hz. As a result, protons in water have more effective access to electrons when Au

NPs are present on MgO NPs, and the efficiency of the water splitting is greatly enhanced.

3. Conclusions

In summary, we have successfully performed a synergistic surface plasmon and defect
states study on MgO-Au nanocomposites to enhance the proton photoreaction activity. The
monodisperse, mesoporous and crystalline MgO-Au nanocomposites were synthesized via a
facile, cheap and high-yielding green colloidal synthesis process. The MgO NPs exhibit
robust proton photoreduction for H> production under UV excitation, which originates from
MgO defect states as signified by theoretical calculations. Near-field measurements with
monochromated EELS reveals the size/shape dependent plasmon resonance pattern of the
gold nanoparticles that we used. Plasmon resonances in the energy range 1.8-2.5 eV
contribute to the photoreduction enhancement, and we propose that this is the result of hot
electron transfer from the Au into MgO surface defect states. The ultra-stable catalytic
activity for Hx production demonstrated here points to a new research avenue to develop a
coordinated surface plasmon-defect technology for both energy conversion and
decontamination applications within one green, sustainable and scalable photocatalysis

system.
12
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4. Experimental Section

Colloidal synthesis of MgO-Au nanocomposites: The 84 £ 11 nm sized MgO NPs were
synthesized based on our previously reported method.?! Then 16 mg of freshly prepared
MgO NPs were added to a solution of OM (5 mL) with 8 mg of AuClz-HCI-4H,0 (>47.8%).
The solution was heated to 120 °C and kept at that temperature for 20 min. In this process, the
color of the suspension changed from yellow to red. After cooling down to room temperature,
the products were separated by adding an excess amount of ethanol and separated from the
solution by centrifugation (10,000 rpm, 10 min), and then redispersed in cyclohexane.

Measurement of photocatalytic hydrogen production: In this study, pure MgO NPs and
the based MgO-Au nanocomposites loaded with Au NPs of 13 wt%, 23 wt%, 38 wt% and 48
wit% (determined by ICP-AES) were tested for the photocatalytic water splitting to produce
hydrogen. Note here that, before the photocatalytic experiments, all the MgO and MgO-Au
powders were treated with the same oxygen plasma for 1 h to generate hydrophilic surfaces
by removing the hydrophobic organic ligands. The photocatalytic hydrogen production
experiments were performed in a 16 mL quartz flask under atmospheric pressure at room
temperature. For each hydrogen production testing, MgO or MgO-Au powder (6 mg) was
dispersed in deionized water (16 mL) by sonication for 45 min. Subsequently, 4 mL of
methanol was added, which works as the sacrificial hole scavenger to mimic organics in
wastewater. After that, the quartz flask was sealed with silicone rubber septum and then the
reaction suspension in the flask was degassed with pure nitrogen gas for 30 min to remove the
air inside, keeping the reaction suspension in an inert environment. After degassing, the
quartz flask with reaction suspension was transferred and placed before the light source. A
150-W Xenon lamp (MAX-150, Asahi Spectra Co. Ltd., Japan) was used as a broadband light
source covering the wavelength band between 250 and 1,000 nm, to trigger the photocatalytic

reaction. The light illumination intensity on the flask was ca. 250 mW cm2, which was
13


app:ds:cyclohexane

WILEY-VCH

measured by a Newport Power Meter (Model 1918-R) at the wavelength of 500 nm. The
hydrogen was analyzed by a gas chromatography (Agilent 7890) with the installed gas valve
system.

Material characterization: TEM images were acquired with a Hitachi HT-7700
transmission electron microscope operated at 100 kV. High-resolution TEM (HRTEM)
micrographs were obtained with a Philips Tecnai F20 FEG-TEM operated at 200 kV.
Monochromated EELS and scanning TEM images were measured with an FEI Titan TEM,
operated at 80 kV using an electron probe size with a diameter of about 1 nm and an energy
resolution of 120 meV, measured with a Gatan Tridiem ER EELS detector. Samples for TEM
analysis were prepared by drying a drop of cyclohexane solution containing the nanocrystals
on the surface of a carbon-coated copper grid. The X-ray diffraction (XRD) patterns were
obtained using a Rigaku D/MAX-RB with monochromatized Cu Ko radiation (A=1.5418 A)
and 20 ranging from 30° to 80°. UV-Vis absorption spectra were measured on a Perkin-Elmer
Lambda 35UV-vis spectrophotometer. Photoluminescence (PL) spectra were recorded on a
Hitachi F-4600 spectrofluorophotometer at room temperature. The metal contents in the Au-
loaded MgO nanocrystals were determined by a Leeman Labs Profile spec inductively
coupled plasma atomic emission spectrometer (ICP-AES).

Density functional theory: 3D periodic projector augmented wave calculations were
performed on slabs of MgO using the VASP code. The PBE GGA functional was used for
geometry optimization before occupied and unoccupied states were examined via a single
point calculation using the PBEO hybrid functional at the relaxed PBE geometry. The
thickness and vacuum distance of the slabs [with (100) faces] were selected by performing
PBE calculations on a range of slabs varying these parameters and examining the I'-point
eigenenergies. Three layer slabs with 10 A of vacuum between images gave a I'-point
spectrum not significantly different to thicker slabs with larger vacuum gaps. The final

calculations were thus performed on five layer slabs with 10 A of vacuum, with the extra
14
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layers added so as to prevent significant interactions between surface defects and the other
side of the slab. The lattice constant of the periodic directions was set to the bulk value (4.212
A). 2x2 supercells of the surface unit cell (i.e. 8 formula units per slab layer) were used for
investigating point defects with a 4x4x1 T'-centred reciprocal space grid. Only 1s electrons
were frozen in the Mg and O potentials, and a 500 eV plane-wave cutoff was used throughout.
Electronic states were visualized by examining the band-projected electron density in

particular energy ranges spanning the density of states features of interest.
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Figure 1. (a) XRD pattern of MgO-Au nanocomposites. (b) TEM and (c) HAADF-STEM
images of Au-loaded MgO NPs. HRTEM images of the (d) MgO and (e) Au acquired from

the MgO-Au nanocomposites.
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Figure 2. (a) Room temperature UV-Vis absorption and (b) PL (Lex= 340 nm) spectra of pure
MgO NPs and MgO-Au nanocomposites. The concentration of all samples was kept at 0.1 mg
mL? dispersed in cyclohexane. The inset in (a) shows a magnification of the plots within the
wavelength range of 250-650 nm.
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Figure 3. (a) Schematic experimental configuration of the plasmon measurements using
monochromated EELS: a focused ~1 nm electron beam excites the surface plasmons in Au
NPs on MgO, resulting in energy losses that are measured by the EELS detector. (b) STEM
image of a MgO-Au nanocomposite; the Au NPs appear bright on the grey, spherical MgO
nanocrystal. (c) EELS spectra obtained from different locations, as indicated by Roman
numerals in the STEM image. MgO (1), MgO-Au (Il, V1), and Au (I, 1V, V and VII). (d)
Monochromated EELS maps for the MgO-Au nanocomposite shown in (b) at the five
plasmon resonance energies of Au, showing the spatial distribution of the modes. For thick
parts of the MgO, the EELS signal is low, as most of the electrons are elastically scattered and
do not reach the EELS detector.
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Figure 4. (a) H2 production rate for MgO-Au nanocomposites with different weight loading
of gold based on 84 £ 11 nm sized MgO NPs; and (d) average production of H, versus the
illumination time from MgO-Au nanocomposites with 23 wt% Au versus pure MgO NPs as

the control.
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Figure 5. Calculated density of states for MgO slab with a surface oxygen vacancy. The
energy axis is shifted to be relative to the calculated Fermi energy (Er). Isosurfaces of
projected electron densities are shown for energies spanning the indicated features. Near E -
Er= 0, mid-gap defect states can be seen, while at E - Er= 4.5 eV, locally excited states are
observed. Mg ions shown as larger orange balls, O ions shown as smaller red balls. The
surface oxygen ion removed to make the vacancy defect would be located in the centre of the
surfaces shown in the left and right inset images, in the vicinity of the associated projected
electron density that is shown; the central inset shows a different part of the surface without
an oxygen defect.
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Figure 6. The band structure for Au NPs is based on work by Bond,*4 showing that the
electrons can undergo an interband transition (purple arrow) from the 5d band to the 6sp
bands, exciting hot electrons. Some of these hot electrons subsequently transfer to defect
states in nearby MgO. Based on ultraviolet photoelectron spectroscopy (UPS) results,**! the
valence band maximum for MgO is around -10.5 eVV. Combined with the 7.8 eV band gap of
MgO, we infer a conduction band minimum, of -2.7 with respect to the vacuum energy level
(Evac = 0). The energy levels in the emission region are taken from the calculated
surface/defect states in Figure 5, where the lowest energy level is 2.9 eV above the mid-gap
energy level (-6.6 eV), consistent with the dominant emission peak center at 2.9 eV (430 nm)
from the PL results of Figure 2b. In the absorption region, the locally-excited state, 4.5 eV
above the mid-gap level, also refers to the calculated result in Figure 5. The plasmon- and
photoexcited electrons present in the MgO defect states reduce protons in water and
contribute to the production of H,. For comparison, the energy scale vs Evac is plotted along
with the scale that indicated the redox potential vs the normal hydrogen electrode (NHE).[*0:42]
The redox potentials for the water-splitting half-reactions (H*/H2 and OH/O>) versus the NHE
are indicated by dashed pink lines. The work function of gold is set at -5.1 eV.
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A plasmonic defect nanosystem is successfully established via a MgO-Au nanocomposite by
a facile, non-toxic and inexpensive method, in which mesoporous MgO nanoparticles possess
stable surface defect states, giving stable photoactivity in H> generation via water splitting.
With the introduction of plasmonic gold nanoparticles, both the photoactivity and stability of
MgO defect states are significantly enhanced.
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Figure S1. (a,b) TEM images of synthesized MgO NPs with mesoporous morphology. (c)
Statistical analysis of the sizes of MgO NPs measured by TEM image of (a), in which 84 nm
is the mean size and 11 nm is the standard deviation.
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Figure S2. XRD pattern of the synthesized pure MgO NPs with a pure cubic phase (space
group: Fm-3m, JCPDS: 45-0946).
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Figure S3. Statistical analysis of the sizes of Au NPs from MgO-Au nanocomposites
measured by TEM image of Fig. 1b, in which 12.6 nm is the mean size and 1.5 nm is the
standard deviation.
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Figure S4. FTIR spectra (Nicolet 6700) of oleylamine, oleic acid, as-prepared MgO-Au
nanocomposites and plasma-treated MgO-Au nanocomposites. The presence of acyclic C-H
stretching at 2967 cm™ and 2923 cm™ indicate the co-existence of oleic acid and oleylamine.
The peaks at 1760 cm™ and 1450 cm™ are assigned to C=0 stretch and carboxylate (COO)
stretch, implying the COO" ligand exists on the surface of the MgO-Au nanocomposites.
Additionally, the three peaks at 1250, 1069 and 810 cm™ in the IR spectrum of MgO-Au
nanocomposites were indexed to C-N stretch of oleylamine, respectively. Based on the FTIR
analysis of MgO-Au nanocomposites, it is confirmed that these MgO-Au nanocomposites are
coated by two kinds of organic molecules, oleylamine and oleic acid. Note here, after oxygen
plasma treatment, the intensity of characteristic peaks of oleic acid and oleylamine obviously
decreased, indicating a successful removal of organic capping ligands from the surface of
MgO-Au nanocomposites.

Figure S5. The contact angle of (a) pristine MgO NPs and (b) oxygen plasma treated MgO
NPs. The contact angle of pristine MgO NPs and oxygen plasma treated MgO NPs are 69.4°
and 37.1° respectively. By comparison, we found that the contact angle of oxygen plasma
treated MgO NPs is significantly decreased, indicating that the oxygen plasma treatment is
very efficient in cleaning the nanomaterial surfaces by removing the organic capping ligands.
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Figure S6. XRD pattern of the MgO-Au nanocomposites after plasma treatment.
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Figure S7. XPS spectra of O 1s for MgO and MgO-Au nanocomposites after plasma
treatment. It is observed that the O 1s spectra of MgO and MgO-Au nanocomposites showed
two peaks. The major peak located at around 530.1 eV could be associated with the lattice
oxygen in MgO, which is the characteristic of chemical bonding between metal and oxygen
atom, while the smaller peak located at around 531.9 eV was ascribed to the surface oxygen
vacancies.[5-53 Therefore, the XPS results show that oxygen vacancies are present in the as-
prepared MgO and MgO-Au samples.
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Figure S8. Comparison of H> production between MgO NPs in this work and commercial

TiO2 (p25).
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