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Abstract

A new type of nanocomposites containing titania gold were prepared via the coupling between
exfoliated T.9:0, nanosheets and surfactant-capped Au nanoparticlesyed by flocculation and
calcination. After hybridization with Tb;0, nanosheets, octahedral Au nanoparticles were efabed



intimately into the matrix of titania, leading tdeoad absorption peak assigned to surface plasmon
resonance (SPR) effect in the visible region. Tihtaioed nanocomposite exhibited remarkably
improved photocatalytic hydrogen evolution perfonee compared to naked titania and conventional
titania with photodeposited Au co-catalyst, du¢h special SPR effect of the relatively large
octahedral Au nanoparticles. Through control experits, we demonstrated that the octahedral Au

nanoparticles mainly functioned as local light ngiier and photon scattering agent.
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1. Introduction

Finding suitable semiconductors for solar fuel gatien through the so-called artificial
photosynthesis is the key to solving many enviromaleand energy-related issues. One of the most
important and promising artificial photosynthesieqesses is hydrogen production from solar water
splitting, in which the clean hydrogen fuel cangemerated from water.[1, 2] Among various
semiconductor photocatalysts, Tiflas been the most intensively investigated onausecof its low
cost, photo- and chemical- stability, and high bgsts controllability.[3, 4] However, Tihas a
relatively wide band gap (ca. 3.2 eV) and thusaay absorb UV light while remains inactive in the
visible region. To introduce visible light photoalytic activities to TiQ, guest species are often
incorporated via two strategies: doping and hetarotiring. Doping is an effective way to
incorporate guest atoms into the crystal lattic&i@f, and render visible light absorption.
Nevertheless, doping often creates crystal defedtich may act as recombination centres for

photoinduced electrons and holes.[5]

Unlike doping, heterostructuring allows the incagdmn of relatively bulky guest species by dirgctl
combining different materials with proper energynthalignment. A good example is the
metal/semiconductor heterogeneous structure, iolwhoble metals such as Pt[6] and Au[7, 8] are
loaded onto semiconductors as cocatalyst, andasttucture can provide both effective charge
separation and active sites for water splittimgaddition, noble metal nanoparticles (NPs) sucA@s
Au, Cu etc. have attracted much interest recenté/td their unique surface plasmon resonance (SPR)
properties.[4, 9, 10] SPR is defined as the calleabscillation of free electrons when the frequenc

of incident photons approaches the natural frequehsurface electron oscillation.[1] SPR effeat ca
induce a very strong localized electric field néea noble metal nanostructures, and it can be

significantly influenced by the size, shape and edding medium.[11-15] Of those noble metals, Au



draws particular attention as it has strong SP&cefh visible region and many researchers have

successfully synthesized Au NPs with varied sizebdiverse morphologies.[15-17]

With the arising interest in the SPR propertiedof many semiconductor/Au composites have been
investigated in terms of visible light activitiesdiit was found that in many cases the enhanceafient
photocatalytic activities occurred at wavelengthisesponding to the metal SPR.[18-20] The
enhancement induced by SPR has been contributbce® proposed mechanisms: direct charge
injection from Au NPs to semiconductors, strong SidRiced near-field electromagnetic energy and
effective photon scattering.[11] In order to veltif\ese mechanisms, titania-supported Au NPs have
been prepared in various methods: direct adsorpfigme-synthesized Au colloids, photo-deposition,
deposition-precipitation, core-shell structure d¢aurgion, etc.[21] However, there are two great
limitations of these methods. First, generallystz and morphologies of Au NPs cannot be precisely
controlled owing to the absence of morphology-aaeagents. In most cases, the Au NPs are of
spherical shape. Second, Au NPs tend to aggregar®w up at the surface of TiQarticles during
the composite material synthesis, which will leadhe variation of SPR properties. This issue @n b
solved by separating gold nanoparticles with taaand thus forming a structure in which Au

nanoparticles are embedded into titania, for exanguare-shell structures.[22-25]

Although constructing core-shell structure providasffective way to separate Au NPs, the coating
process of tiania shell often involves careful anthplex chemical and physical control.[26] Hata et
al. reported a general method to intercalate Au iNfesgalleries of layered materials such as Dion-
Jacobson layered perovskite BNb;O, via pre-intercalation of tetrabutylammonium hydotex
(TBAOH) and polyallylamine (PAA) to enlarge theentyer space.[27] This general method
promises a simpler method of embedding Au NPssataiconductor matrix compared to the core-
shell structure. Nevertheless, the size of golgtéstly restricted because the extent of gallery
expansion is very limited. Here we report a fawibey to prepare titania-gold nanocomposite materials
with easily tuneable Au NPs. By thorough mixingeafoliated titania (Td9:0,) nanosheets (NSs) and
pre-synthesized Au NPs followed by flocculation @attination, leading to the octahedral Au NPs
embedded intimately in the matrix of anatase titafihe shapes and sizes of Au NPs can be simply
controlled during the synthesis process, so sp&8&& properties can intentionally introduced it t
composite material. To demonstrate this methodsweeessfully synthesized an Au/Li€mposite
material containing relatively large octahedral lBs. The Au NPs were well separated in the
nanocomposite. Moreover, the octahedral Au NPsigeogood SPR-induced optical properties such
as localized light intensity enhancement and phetattering improvement, and thus the as-prepared
nanocomposite exhibited dramatically improved hgeéroevolution performance compared to the

naked titania.

2. Experimental



All chemicals were purchased from Sigma-Aldrichluiding cesium carbonate (99.9%), titanium (1V)
dioxide (99%), hydrochloric acid (37%), tetrabutyl@onium hydroxide solution (40% in water),
cetyltrimethylammonium bromide (99%), gold (lll)lohide hydrate (99.999%), trisodium citrate
(99%), chloroplatinic acid hydrate (99.9%) and sadiborohydride (99%). They were used without

further purification.

2.1 Preparation of nanobybrid

Titania nanosheets suspensiorn, ¢X0, NSs) was prepared according to previous reporSasaki's
group.[28-31] In a typical synthesis process, #yeted Cgssli 8404 precursor was first obtained by
solid state reaction, followed by proton-exchargeldesTi1 404 H,O in hydrochloric acid and a
delamination step in the presence of tetrabutylaniom cations (TBA). Stoichiometric mixture of
CsCGO; and TiQ were thoroughly ground before heated at 1033K3@mins. Then the sample was
reground and reheated at 1033K for another 12 hotwes obtained Gggl'i1 40, titanate precursor
was subsequently placed in excess amount of hyldmeclacid (1M) and stirred vigorously for three
days. The hydrochloric acid was refreshed everlgd@#s and the proton-exchanged titanate
Ho.esTi1.8404- H O can be collected by centrifugation and wash déionised water. The dried
Ho.6sT11.8404- H,O was re-dispersed in tetrabutylammonium hydroid@AOH) solution containing
same amount of TBA+ as protons, and the white s1spe was shaked for over 7 days. To remove
the un-delaminated precursors, the suspension evdsgfaged under 4700 rpm and the supernatant

suspension was collected for use. The concentrafidiy 1O, NSs suspension is ca. 1.79 g/L.

Octahedral Au nanoparticles (NPs) were synthesiiged simple hydrothermal method reported
before.[32] In a typical synthesis procedure, 0.958 cetyltrimethylammonium bromide (CTAB)
was first dissolved in 9.7 mL of deionised waterd ghen 25QiL of 0.01 M HAuUC|, and 50uL of 0.1

M trisodium citrate were added. The solution washttransferred to a Teflon-lined autoclave and
heated at 383K in an oven for 48 hours. The conaton of Au NPs suspension is ca. 0.05 g/L. The
Au NPs with tunable sizes and shapes can be pipaieg the methods in the literature, which will

affect the photocatalytic performance of the resultomposite photocatalysts. [33]

Under vigorous stirring, 2 mL of Au NPs suspensi@s added dropwise to 50 mL 05§40, NSs
suspension. After 30 mins of stirring to reach giarm mixture of NPs and NSs, hydrochloric acid (1
M) were added to flocculate the NSs coupled witts NFhe nanohybrids were centrifuged, washed
with deionised water and ethanol for several tianas dried in a 100 °C oven. The as-prepared
sample is denoted as O-Au-NS. Then O-Au-NS waseplat an alumina crucible and calcined at 723
K for 2 hours, which is denoted as O-Au-A. Theaati Au in both O-Au-NS and O-Au-A is

calculated to be around 0.11 wt%.



As comparison, two types of nanohybrids betwegR:Db NSs and irregular Au NPs were prepared,
in which the ratio of Au was kept to be 0.11 wt¥%meample was prepared by direct deposition of
Au particles onto Tig:0» NSs via photo-deposition, flocculation with prascand calcination. First, 2
mL of HAuCl, solution (0.01 M) and ethanol were added to 50afTis 9;0, NSs suspension. Under
stirring, the suspension was illuminated by Xeramp for 6 hours, and flocculated with hydrochloric
acid (1 M). To ensure that HAugbas been completely reduced to Au, the supernatduiion after
centrifugation was treated with NaBklolution and its absorption spectrum was meadwyedUV-

Vis spectrometer. The flocculated product was ttedoined at 723 K and this sample was denoted as
Au-A-1.

The other sample was prepared by photo-deposittdyanto restacked NSs after calcination. 50 mL
of Tip.910> NSs suspension was first flocculated with hydrodhlacid (1 M), followed by calcination
723 K for 2 hours. The obtained product (A) wasitbespersed in ethanol solution containing 2 mL
of HAuCl, (0.01M), and illuminated by Xenon lamp for 6 hausgmilar method was implemented to
ensure the complete reduction of HAy&$ used in the preparation of Au-A-1. This samys
denoted as Au-A-Zcheme 1 shows the synthesis procedures of all samples.
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Scheme 1. Schematics of the synthesis routes of differebridysamples.
2.2 Characterizations

The crystalline structure of samples was charazgdrby powder X-ray diffraction (XRD, Rigaku
Miniflex) with Co Ko (\= 1.78897 A) radiation. The morphology of differsamples was examined
by transmission electron microscopy (TEM, JEOL 181000 kV) and scanning electron microscopy
(SEM,JEOL JSM-7001F at 20 kV). The light absorptionahples was characterized by UV-Vis



spectrometer (Shimadzu 2200). X-ray photoelectpatisoscopy (XPS, Thermo Escalab 250, a
monochromatic Al KR x-ray source) was carried audétermine the chemical composition of the as-
prepared nanohybrid materials and the chemicalst#tvarious species. The Brunauer-Emmett-
Teller (BET) surface area was measured using r@tr@gisorption apparatus (Tristar 3030,
Micromeritics Instrument Corporation). The sized aarface charges of sample particles were

measured using a zetasizer (Zetasizer Nano ZS dvtalastruments).

2.3 Photocatalytic activity measurement

The photocatalytic reactions were carried out quartz reaction cell connected to a closed gas
circulation and evacuation system. 40mg of catalyst suspended in 300 ml aqueous solution
containing 60 ml of ethanol, andPiCl solution containing 1wt% of Pt was added to thepsusion.
Before the reaction starts, the whole system waotiyhly degassed. The quartz reactor was
irradiated by a 300 W Xe lamp (Beijing Trusttech Cul., PLS-SXE-300UV) from its top. The light
spectrum produced by the Xe lamp is shown as FigtireA water filter was applied to the top of the
reactor in order to remove infrared light. The tengture of the reactor was maintained at 2935 K
by a cooling water cycle system. The evolved hydrogas was collected by a sampling device and
tested by gas chromatography (GC) with Ar as theeragas.

3. Results and discussion
3.1 Formation and microstructure of the nanohybrid materials

The Th /0, NSs used in this work were obtained from exfabiatof a lepidocrocite-type layered
protonic titanate, bkgl'i1.8404- H,O in aqueous solution of TBAOH.[28, 29] The as-jamepl NSs

possess a thickness of 0.75 nm taking the outer efilgurface oxygen atoms, and negative charges of
ca. -39 mV.[31, 34] TEM image in Figure 1a confidrtbe ultrathin nature of §$:0, NSs and their
extremely high two-dimensional anisotropy.

Figure 1. (a) TEM image of exfoliated §:0, NSs. (b) TEM image and (c) SEM image of
octahedral Au NPs prepared via hydrothermal method.

The pre-synthesized Au NPs possessed octahedrphology and relatively uniform size of ca. 70

nm, as confirm by the TEM and SEM images (FigurelLi@ o further confirm the size of the



octahedral Au NPs, dynamic light scattering (DL&hnique was implemented. The octahedral Au
NPs have very uniform size distribution around &9 which corresponded well to the observations
in TEM. Due to the presence of ammonium group endapping agent, that is,
cetyltrimethylammonium bromide (CTAB), the Au NP#8lwarry positive charges. Zeta potential

measurement showed that the octahedral Au NPedarpositive charge of +59 mV.

The synthesis routes and denotation of all the svgre shown in Scheme 1. When the octahedral
Au NPs were added to NSs suspension, Au NPs weaetatd to the surface of NSs as a result of
electrostatic force. Upon the addition of hydroctd@cid, the NSs attached with octahedral Au NPs
flocculated and settled, leaving the supernatdatisa colourless. The flocculated NSs remained
pink-ish after drying at 100 °C (O-Au-NS) and cabtion at 450 °C (O-Au-A). As a comparison, two
other types of Au-TiQcomposites were also prepared, in which Au NP®\vdroduced to different
locations in the composites via direct photo-degpmsi In one composite, Au particles were directly
photo-deposited onto NSs before calcination, sa wiohie Au particles were distributed in the
interior of the final composite (Au-A-1). In theh@r composite, however, flocculated NSs were first
calcined to anatase particles (A) before beinggheposited with Au particles (Au-A-2), so the Au
particles will be dispersed only on the surfac&ofA-2. It should be noticed that all nanocompasite

contain the same amount of Au (0.11 wt%).

Figure 2 illustrates the XRD patterns for all syegized nanocomposites. The XRD pattern of O-Au-
NS exhibited a (010) peak &=28.74 °, corresponding to d spacing of 1.17 nmyfed?a). There

were no distinct peaks assigned to titania pha§eAu-NS, which reflects the lack of three-
dimensional order in long distance. Its XRD pattertypical for intercalated complex with lattice
expansion along the b-axis.[35, 36] The relativ@iyader peaks of the nanocomposite resulted from
elastic deformation of host layers upon latticeagqion.[37] The XRD result demonstrated the
randomly restacked structure of NSs in O-Au-NSeAftalcination at 450°C, the (010) peak
disappeared while peaks assigned to anatase phaiseckin the XRD pattern of O-Au-A (Figure 2b),
which indicates that the stacked sheets structiltapsed to form an anatase crystal structureadt h
been previously demonstrated by Fukuda et al.alvaty thin film made of several layers of
monolayered titania NSs could transform into arefdsgse at elevated temperatures and the
transformation temperature decreased for thickesf[38] The films composed of more than five
layers of NSs were found to transform to anatag®@@t500 °C. Considering that our nanocomposite
was prepared by stacking multilayers of ogi0, NSs, calcination at 450°C could induce the
recrystallization of titania NSs to form three-dims@nal crystalline anatase structure. It is ndibed

no peaks of Au appeared in the XRD pattern of ei\u-NS or O-Au-A, which we believe is due
to the fact that most Au NPs were sandwiched batw&g):0, NSs. Similar to O-Au-A, both Au-A-1
and Au-A-2 showed peaks of anatase phase in thid gatterns, but a small peak &=52 °

assigned to Au appeared (Figure 2c and 2d).
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Figure 2. XRD patterns of (a) O-Au-NS, (b) O-Au-A, (c) Au-A-and (d) Au-A-2.

To investigate the morphology of the nanocompositéd/ was performed. In O-Au-NS, the

ultrathin NSs formed a randomly stacked structimgyhich the Au NPs were extremely difficult to

find (Figure 3a and 3b). This is in good agreemtit our observation in the XRD pattern. After

very careful searching in TEM, we only found veewfoctahedral Au NPs wrapped by NSs, and all
NPs were well separated because of their scamitytteorough mixing with NSs. After calcination,

the stacking structure of NSs collapsed due toystallization, transforming to irregular-shaped
porous anatase particles in O-Au-A (Figure 3c).ilainto O-Au-NS, Au NPs were very scarce and

we were only able find to one after very long tiafesearching in TEM (Figure 3d). We believe that
most Au NPs were embedded into the matrix of aradéier calcination as indicated in the XRD
pattern. It is noted that after calcination, thephmlogy and size of Au NPs remained unchanged. We
assign the stability of Au NPs to the protectioritania surrounding Au NPs. TEM images of Au-A-

1 and Au-A-2 are presented in Figure 3e and 3paetsvely, and it can be seen that the photo-
deposited Au particles were of irregular spherstape and possessed smaller sizes compared to the
octahedral Au NPs.



Figure 3. TEM images of (a) and (b) O-Au-NS, (c) and (d) @-A, (e) Au-A-1 and (f) Au-A-2.

Nitrogen adsorption-desorption isotherm measuresn@ate carried out to further study the
microstructure of the nanocomposites. As showrignré 4, all nanocomposites exhibited Type IV
isotherms, corresponding to mesoporous struct@$dtherm of O-Au-NS showed a H3-type
hysteresis loop in the IUPAC classification,[38}ealing the presence of slit-shaped pores. Suah typ
of isotherms was observed in nickel oxide pillatieghia NSs before, which highlighted the existence
of open slit-shaped capillaries with very wide lesdand narrow short necks.[37] In addition, the
hysteresis loops of O-Au-NS appeared in the redgtnessure region of p40.5, which suggests that
the majority of the porosity originated from mesmgmin the randomly restacked structure.[35, 40]
After calcination, an H1-type hysteresis loop appdan the isotherms of all nanocomposites
containing anatase phase (O-Au-A, Au-A-1 and Au)Aidicating that their microstructure changed
to agglomerates of spheres.[39] All results frotnagien adsorption-desorption isotherms agreed well
with our previous analysis of XRD and TEM data. [Eab summarizes the surface area of all
nanohybrids according to BET equation based fittinglysis. Calcination caused collapse of the
stacking structure and agglomeration of anatadéles, which is reflected in the drop in surfaceza

of O-Au-A (84.4 ni/g) compared to O-Au-NS (135.4fy).
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Figure 4. Nitrogen adsorption-desorption isotherms of theotamposites: (a) O-Au-NS, (b) Au-A-2,
(c) O-Au-A, and (d) Au-A-1.

Table 1. BET surface areas of the composite materials.
Sample BET surface area (ity)
O-Au-NS 135.4

O-Au-A 84.4

Au-A-1 166.1

Au-A-2 114.0

3.2 Chemical state analysis

To investigate the chemical states of Au presettiemanohybrids, the Au 4f levels were measured
using XPS. As shown in Figure 5, the peaks of Ay Kicated at 83.3-83.4 eV are close to metallic
AU’ 4f,, (84.0 eV), and different from Aut;, (85.2 eV) and Ati 4f;, (86.7 eV),[41, 42] which
confirms the metallic state of Au. The surface Awafbmic ratios detected by XPS in Au-A-2 and
Au-A-1 are 0.018:1 and 0.0033:1 respectively, whielified the fact that more Au particles existed
at the surface of Au-A-2 compared to Au-A-1. Howev® signals of Au 4f were detected in XPS
spectra of O-Au-NS and O-Au-A. The most possibisom is that the majority of Au NPs were
wrapped, so the signals of Au NPs were screendifanya. We implemented Ar ion-sputtering to
remove the top surface layers of O-Au-NS and O-Auput the signals of Au were still not detected
even though a 40 nm-thick surface layer was remo@edsidering the scarcity of Au NPs and the

small detection area of XPS technique, this phemomés understandable.
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Figure5. High resolution XPS spectra of Au 4f in (a) O-A&Nb) O-Au-A, (¢) Au-A-2 and (d) Au-
A-1.

3.3 Light absorption propertiesanalysis

Figure 6 shows the overall light absorption spefrrall composites and naked titania (A). All
composites containing Au particles exhibit a brabdorption peak in the wavelength range of 500-
600 nm, which can be assigned to the SPR effestigfarticles. A has an absorption edge at a
wavelength of 418 nm corresponding to a band g&af eV (Figure 6a), which is slightly smaller
than general band gap measured of anatase (ocaVB.3ince A was prepared by calcining
flocculated NSs and some organic chemicals like TB#ght be incorporated into flocculated NSs,
small amount of C may exist in A, leading to théeexled light absorption above 400 nm. All the
other composites possess larger band gaps of aBLRé.26 eV, compared to A, which is probably
owing to the interaction between Au and titania-f#3 O-Au-NS (Figure 6¢) and O-Au-A (Figure 6b)
exhibited slightly red-shifted SPR peaks at arob®8 nm compared to those of Au-A-1 (Figure 6e)
and Au-A-2 (Figure 6d) at around 550 nm, whichue tb the presence of larger octahedral Au NPs
in the former two nanocomposites. SPR peak wastexgbto shift towards longer wavelength with
the increasing size of Au NPs,[15, 18, 46, 47] amthe SPR peak shift agreed well with the
observations from TEM. Moreover, Noguez reported tompared to polyhedral nanoparticles,
spherical ones will have blue-shifted SPR peaks.[A8re was no obvious change of the SPR peak
position after O-Au-NS was calcined, which agaifters the retainment of the size and shape of
octahedral Au NPs.
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Figure 6. UV-Vis absorption spectra of the composites: (afl) O-Au-A, (c) O-Au-NS, (d) AU-A-2
and (e) Au-A-1.

3.4 Photocatalytic hydrogen production test

The average hydrogen evolution rates for all sasngte shown in Figure 7. The Xe lamp produces
both UV light and visible light (Figure S2). Nakatania A can only produce tht a low rate of 1474
pumoleh'eg™®. O-Au-NS showed very low activities, which is mgibecause of its low crystallinity.
However, after calcination, the hydrogen evolutiate dramatically increased (up to over 270 times),
to 6753 pmolsHeg™, which is 3.6 times faster than A. O-Au-A can gisoduce hydrogen faster than
Au-A-1 (5071 pmoleHeg™) and Au-A-2 (3443 pmolshg™).
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Figure 7. Normalized average hydrogen evolution rates flosahples prepared. Experimental
conditions: 40 mg of catalyst powder photo-depdsité¢gh 1wt% Pt (except the last one) was
dispersed in 300 mL of aqueous ethanol solutionv{?®%), light source was 300 W Xenon lamp.

3.5 Analysison therole of Au NPs

The most efficient nanocomposite, O-Au-A, can egdlydrogen more than 3.6 times faster than
naked titania A, even though the ratio of Au igextely low (ca. 0.11 wt%). The phenomenon

indicates the vital role of octahedral Au NPs ia ghotocatalytic reaction. As mentioned earlier,



several mechanisms regarding the role of Au NPs baen proposed by researchers. We conducted

some experiments to investigate the roles of Au iNRsir material system.

Conventionally, Au in a metal-semiconductor comfmsistem can act as a sink for photoinduced
electrons and catalyses the reduction of protonghich way Au improves the photocatalytic
performance as a co-catalyst. However, in ordeffertively act as co-catalyst, Au must exist ia th
interfacial region between semiconductors and kbetelyte. In a control experiment, we conducted
hydrogen evolution with O-Au-A in the absence afRirprisingly, O-Au-A alone produced even
less hydrogen compared to A deposited with Pthaws in Figure 7. This phenomenon can be
explained in the way that due to the scarcity ofMRs at the surface of O-Au-A, the ability of
octahedral Au NPs as co-catalyst is very limitethemnanocomposite. However, octahedral Au NPs

may still partly act as co-catalyst, which is a amifunction of Au NPs in our nanocomposite system.

In the direct electron injection mechanism, Au NIRdergo SPR-induced excitation upon visible light
irradiation and electrons in the surface plasmd?) &ates possess enough energy to be injected to
the conduction band of semiconductors. This mechahias been very controversial in Au-7iO
composite systems. Even though water splitting uwigéble light has been reported by several
groups,[2, 4, 10] no direct evidence of electramsfer between Au particles and titania were
provided. At the same time, the possibility of pexcitation of Au NPs by visible light has been
ruled out in several papers of Cronin’s Group iterg years.[41, 49, 50] They claimed that there is
no highest occupied molecular orbital-lowest unpoed molecular orbital (HOMO-LUMO) energy
band configuration like semiconductors in a plasmxcitation, so the visible activities originated
from the sub-bandgap transition in Ti®ith some dopants. In another control experiment,
equipped the Xe lamp with a 420 nm cut-off filteranly visible light can reach the reactor. For all
samples, no hydrogen can be detected. Since titaniaot be excited by photons with wavelength

longer than 420 nm, Au NPs did not seem to actsalsl& light sensitizer in our case.[51]

From the discussion above, octahedral Au NPs seewmork insignificantly as co-catalyst and hardly
as visible photosensitizer. However, the dramdjicaiproved hydrogen production capability of O-
Au-A compared to A highlights the importance ofaswdral Au NPs. Therefore, in our opinion, the
other two effects of SPR, that is, intensified lamal electric field and photon scattering, arelykto
work at the same time to enhance the photocatater splitting. The mechanism of the two effects
is shown in Scheme 2. Upon SPR-induced excitatigkud\Ps, charges are concentrated at the
metal-semiconductor interface, yielding a dramatiplification of localized electric field.[13] Irnis
case, Au NPs essentially act as light concentraiodsthe localized field is distributed very undyen
with the highest intensity at the surface of Au MRd decreasing exponentially within 20-30 nm
from the surface and linearly further away.[11] dingh finite-difference time-domain (FDTD)

simulation, Christopher et al. reported that ataisal Ag nanocube with an edge length of 75 nm can



produce a SPR-induced electric fields with intgneft~1C times larger than the incident photon flux
while two same nanocubes with 1 nm distance caarerghthe light intensity up to ~10mes.[51]
Using similar FDTD simulation, Liu et al. also falithat the localized SPR-induced electric field
intensity in their Au-anodic Ti&film can reach up to 1000 times that of the inotdgectric field
intensity.[49] This largely enhanced local lighteinsity will promote photoexcitation of
semiconductor and thus produce more electrons aled,iconsidering that the charger pair formation
rate is proportional to the local light intensifyl] In addition, plasmonic nanostructure acts a
nanomirror in the composites, which can scatterg¢senant photons to have longer lifetime in the
system.[11, 53, 54] In this way, photons are ginemy more passes through the materials and can be
utilized more efficiently. As shown in Figure 8,Al-A showed significantly better light scattering
behaviour compared to those of samples Au-A-1 améA\A,[55] which can be elucidated by the fact
that the photon scattering effect become more fsoginit with the increase of the size of Au NPs.[54]
This drastic photon scattering effect can expldry W-Au-A showed better photocatalytic
performance than Au-A-1 and Au-A-2, that is, theyéa octahedral Au NPs embedded in O-Au-A
can scatter more photons throughout the catalyttles efficiently than the small irregular-sploeti
Au particles in Au-A-1 and Au-A-2, which subsequgmesult in more efficient utilization of the

light for initiating photocatalytic activity. Basexh the above discussion, it is interesting to jotdtie
effect of Au size on the photocatalytic activitytbé composites. Further increase of the sizeef th
Au NPs within a range will increase the photocdtalgctivity due to enhanced photon scattering.
However, overly large Au NPs can lead to weakesieR effect,and the mismatch between SPR
spectrum and Ti@absorption spectrum may resultdeteriorated photocatalytic performance.
[54]

So to briefly conclude, we believe that Au NPs riafanction to enhance local light intensity and
scatter photons in our system. On the contraryptssibility of photosensitization of Au NPs can be

ruled out and the role as co-catalyst is minor.

Local light intensity enhancement Photan scattering

teeeeett

Irradiation Irrodiation

Igh: ight

Scheme 2. Schematics of the two effects of octahedral Au:NIesal light intensity enhancement and
photon scattering. (Blue spheres: titania matrimk pctahedral particles: Au nanopatrticles)
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Figure 8. UV-Visible reflectance spectra of (a) @-A, (b) Au-A-1 and (c) Au-A-2.

4. Conclusions

A new type of Au-TiQ nanocomposites with well dispersed octahedral Rs bf relatively large
particle size were developed. By using exfoliatégh{D, NSs and pre-synthesized Au NPs as the
starting materials, it is easy to achieve nanocaitgavith intimately mixed Au NPs with matrix of
anatase titania. The synthesized nanocompositeeghowich better photocatalytic hydrogen
evolution performance compared to naked titaniatiadia photo-deposited with Au due to the
excellent SPR properties of the pre-synthesizeahecltral Au NPs. This strategy provides some
important information for the development of hanoposite photocatalysts, which can be applicable
to both other nanosheets (dh;*, CaNbs;O,q, etc.) and other plasmonic metal NPs (Ag, Cu).etc.
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