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Light Nanoantenna, Energy Relay, Electron Sink and Co-catalyst

Wenhui Feng, ? Lulu Zhang, ® Yan Zhang, ? Yu Yang, ° Zhibin Fang, ® Bo Wang, ° Shiying Zhang, ® and

A sandwichstructured NaYFs: Yb**, EF*/Au/CdS architecture, as a up-conversion-involved photocatalyst for H, production

through photoreforming of renewable bio-ethanol, is constructed successfully. The Au nanoprticles embedding in the

NaYF,: Yb*", Er**/CdS interface play a quadruplex role toimprove the solar utilization efficiency. Firstly, plasmonic Au works

as a light nanoantenna to harvest more incident light. Secondly, plasmonic Au acts asan energy relay, that Au SPR-induced

Forster resonance energy transfer (FRET) and plasmonic resonance energy transfer (PRET) facilitate synergistically the

energy transfer from NaYFs: Yb**, Er*"to Au to CdS. Thirdly, Au conducts as an electron sink for promoting electron-hole

separation. Lastly, Auserves for co-catalyst toactivate H, evolution from bio-ethanol. The multifunctional Au makes NaYF;:
Yb3*, Er**/Au/CdS exhibit enhanced NIR-driven photocatalytic bio-ethanol reforming activity. Also, NaYFa: Yb**, Er**/Au/CdS
shows superior photoactivity under simulated sunlight. This unique fabrication has the implications for rationally designing

high-efficientsolar-energy-harvesting devices.

Introduction

Harvesting the wide spectrum of solarlightand achieving an higher
solar energy conwersion effidency (SECE) will remain one of the
most challenging missions and be highly desirable for
photomtalysts.l'2 Up to now, most efforts are focused on UV and
visible light photocatalysis, while near-infrared (NIR) light which
acoounts for about 44% of the solar energy is rarely utilized but
quite important.}18 In order to extended the absorption to NIR
region, a nonlinear optical process, known as up-conversion (UC),
has been integrated into photocatalytic sys'cem.lg'27 Upon near-
infrared exdtation, certain material containing rare earth is able to
generate UC emission fluorescence ranging from UV to NIR. UC
material can serve as an medium for transferring NIR light energy to
the UV-activated or Vis-activated photocatalyst.

As a kind of promising UC-involved phtocatalysts, UC host
materal/semiconductor (UC/S) composites show observed NIR-
driven photocatalytic performanoe.lg'u’ 24, 25, 2841 Unfortunately,
they usually suffer from small absorption cross-section, which
limited UC exdtation and luminescent emission effidency. And in
consequence high excitation power densities is needed, which is at
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odds with the faidy diffuse solar Iight.‘lMS Besides, the striking

difference of refractive index between semiconductor and UC host
material would cause strong interface reflection losses and further
decrease seriously the inddent flux and UC emission intensity,
discounting the UC-involved photocatalyst’s catalytic efﬁciency.sl’ 4
Therefore the optimization of the UC-involved system is urgentand
challenging for lowering pumping threshold
improving energy migration effidency.

Recently, plasmonic nanostructure, which is characterized by their
strong interaction with resonant photons through an excitation of
surface plasmon resonance (SPR), shows significant promise for
conwersion of solar to chemical energydue to the outstanding light-
trapping and electromagnetic-field-concentrating properties.
Particulary, two kinds of effident non-radiative dipole-dipole
energy transfer, Forster resonant energy transfer (FRET) and
plasmon resonance energy transfer (PRET), may occur via the
enhanced local electromagnetic field on the premise that two
dipoles with partially overdapping spectm.w'Sl Altematiwely, if
plasmonic metal (M) is integrated into UC/S system propery, such
nanostructure would not only serve as a light nanoantenna that is
benefidal for harvesting the inddentlight, butalso actasan energy
relay which extracts energy from UC component via FRET and
transfers the accumulated energy to semiconductor via PRET,
minimizing the dissipative energyat the UC/Sinterface. In this case,
the issues fadng current state-of-the-art UC-inwolwed
photocatalysts would be addressed well.

Herein, we proposed a nowel model structure UC/M/S in which
plasmonic nanostructure acts as an UC/S interface in nanoscale.
Considering the premise, the SPR absorbance of M should overdap
with UC emission spectra of UC component and absorbance spectra

in power and
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of semiconductor simultaneously. Yb3+, Er’ co-doped NaYF,

(abbreviated as NYF), Au nanopartides (NPs), and CdS is selected as
the corresponding UC, M and S component, respectively. The
unique NYF/Au/CdS nanospheres (NSs) are constructed by a three-
step wet-chemical route successfully. The as-synthesized
NYF/Au/CdS hybrid is applied to produdng H, by bio-ethanol
photoreforming. Where bio-ethanol is a mixture of ethanol and
water (about 12wt% ethanol) with non-toxicty and storage and
handling safety. It can be produced renewably by fermentation of
biomass sources, such as woody materials, plant crops, agricultural
residues, organic fraction of munidpal solid waste, etc. 3254 pg
beneficdal by the multifunctional Au NPs, who plays the roles of
light nanoantenna, energy relay, electron sink and co-catalyst
simultaneously, this unique NYF/Au/CdS composite not only shows
improved photocatalytic performance under low-density NIR light
irradiation, but also exhibits the soaring H, production rate from
bio-ethanol photoreforming by using the faidy diffuse simulated
sunlight as the only energy source, compared with the bare NYF,
NYF/Au and NYF/CdS. Through the implementation of this concept,
this model structure provides a new strategy booming efficdentand
practical NIR-activated photocatalysts.

Experimental
Materials

Yttrium nitrate (Y(NOj);, 99.99%), ytterbium nitrate (Yb(NO3)s,
99.99%) and erbium nitrate (Ef{NO3);, 99.99%) were purchased
from Tianjin Fengyue Chemical Corp. (Tianjin, China).
Ethylenediamine tetraaceticadd disodium salt (EDTA, AR), sodium
fluoride (NaF, AR), chloroauricadd tetrahydrate (AuCl 3:Hd -H,0, AR),
sodium borohydride (NaBH,, AR), sodium hydroxide (NaOH, AR), L-
cysteine (Cys, BR), ethanal absolute (CH3CH,OH, AR), sodium sulfate
(Na,SO4, AR) and N, N-dimethyiformamide (DMF, AR) were
purchased from Sinopharm Chemical Reagent Co., Ltd. (Shanghai,
China). Cadmium nitrate tetrahydrate (Cd(NOj),*4H,0) was
obtained from Aladdin Industrial Corp. (Shanghai, China). All
chemicals were used directly without further purification. Deionized
(DI) water used in the synthesis came from local sources.

Synthesis of NYF NSs

The NaYF,: Yb**, Er** NSs were synthesized via a modified one step
solvothermal method. Typically, 1.41 mmol Y(NO3);, 0.16 mmol
Yb(NO3); and 0.032 mmol Er(NO3); were dissolved into 20 mL DI
water, forming solution A. 1.6 mmol EDTA was added into 20 mL DI
water, and 14.4 mmol NaF was added into 20 mL DI water under
vigorous stirring, resulting solution B and C, respectively. After the
solution A, B and C were heated to 60 °C, solution B and C was
added dropwise into solution A with stirring, respectively. The
obtained mixture subsequently was poured into the flask and
stirred at 60 °C for a further 1 hr. Then, the resulting suspension
was transferred into a 100 mL Teflon-lined autodave and heated at
180 °C for 3 hr. After cooling to room temperature, the as-prepared
NSs were obtained by centrifugation, washing with DI water and
absolute ethanol several times and drying at 60 °Cin vacuum.
Synthesis of NYF/Au

The Au NPs were deposited onto the surfaces of NYF NSs via a
chemical impregnation-reduction process. Briefly, 417 uL HAud,
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solution (0.049 mM) was dissolved into 20 mL DI water. For
displacing d ions with hydroxyl on the Au precursor, the pH value
of the resulting solution was adjusted to about 9.0 with vigorous
stiring using a solution of 1.0 M NaOH at room temperature, and
then 400 mg NYF NSs were added into this above solution. The
obtained suspension was dried in a 60 2C water bath with stirring,
permitting the Au®* completely precpitating on the surface of NYF
support. Afterwards, the dried pred pitates were immersed into 50
mL 1.0 M NaBH, aqueous solution to reduce the Au® to Au® for 2 hr,
and washed with deionized water to remowve Cl and other excess
ions. lastly, after the predpitates dried at 60 °C in vacuum
ovemight, an NYF/Au sample containing about 1 wt.% Au was
obtained.

Synthesis of NYF/CdS

0.2 mmol Cd(NO3),#4H,0 was mixed with an aqueous solution of L-
cysteine (10 mL, 0.04 M) and stirred for 30 min. Then, 400 mg NYF
power was dispersed into the resulting mixture and stirred for 1 hr.
After that, 70 mL absolute ethyl alcohol was added into the
obtained suspension, and continue to stir fora further 5 min. The
resulting suspension subsequently was transferred into a 100 mL
Teflon-lined autodave and heated at 160 °C for 12 hr. After cooling
to room temperature, the as-prepared NYF/CdS, containing about
6.7 wt% CdS, were oollected by centrifugation, washing with DI
water and absolute ethanol several times and drying at 60 °Cin
vacuum.

Synthesis of NYF/Au/CdS

0.2 mmol Cd(NO3), was mixed with 10 mL aqueous solution of L-
cysteine (0.04 M) and stirred for 30 min. Then, 400 mg NYF/Au
power was dispersed into the resulting mixture and stirred for 1 hr.
After that, 70 mL absolute ethyl alcohol was added into the
obtained suspension, and continue to stir for a further 5 min. The
resulting suspension subsequently was transferred into a 100 mL
Teflon-lined autodawve and heated at 160 °C for 12 hr. After cooling
to room temperature, the as-prepared NYF/Au/CdS, containing
about 1wt.% Au and 6.7 wt% CdS, were collected by centrifugation,
washing with DI water and absolute ethanol seweral times and
dryingat 60 °Cin vacuum.

Characterization

The crystal structures of the as-prepared samples was identified by
X-ray diffraction using X-ray powder diffraction (XRD) pattems were
carried out on a Bruker D8 ADVANCE X-ray diffractometer, with Cu
Ka radiation (I = 0.15418 nm), which operated at 40 kV and 40 mA.
The scan rate was 0.5 (20es '1). Scanning electron microscopy (SEM)
images were obtained using a Nova NanoSEM 230 field-emission
scanning electron microscope. Transmission electron microscopy
(TEM), high-resolution transmission electron micrographs (HRTEM)
and high-angle annular dark field-scanning transmission electron
microscope (HAADF-STEM) images were collected with a
TecnaiG2F20 S-TWIN with an accelerating voltage of 200 kV. UV-vis-
NIR diffuse reflectance spectroscopy (DRS) was measured bya Carry
500 UV-vis spectrophotometer, in which BaSO, was served as the
background. Upconversion emission spectra were recorded by using
a FSP920 fluorescence spectrophotometer (Edinburgh Instruments
Ltd., UK) under 980 nm excitation using an optical parametric
osdillator (OPO) pulsed laser focused on the sample using a lens to
obtain a spot with Gaussian intensity distribution (area of 1 mmz).

This journal is © The Royal Society of Chemistry 20xx
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The spectra for all samples (0.2 nm for spectral resolution) were
collected from powder samples immobilized between two quartz

glass slides. All samples were investigated underambient conditions.

The short-drcuit transient photocurrent was operated on a
ZENNIUM electrochemical workstation (Zahner, Germany) with a
conwentional three-electrode system. The reference and oounter
electrodes were Ag/Agd and Pt plate, respectively, and 0.2 M
NaSQO, (pH = 6.8) aqueous solution was used for the electrolyte
solution. 10 mg of the as-prepared sample was dispersed in 200 uL
N,N-dimethyl formamide (DMF) solution by sonication, and the
slurry (40 ul) was then evenlyspread onto a indium tin oxide {ITO)
conductor glass substrate with an area of 5 mmx 5 mm. Then the
glasses covered with samples were dried,and the uncovered parts
were painted by insulating epoxy resin. The obtained ITO glass was
a working electrode. The NIR light source is obtained by using an
700 nm long-pass filter filtering out the UV-Vis light components of
a 300 W xenon lamp. The xenonlamp (300 W)equipped witha 530
nm band-pass filter was used to provide green light source
(A=530+20 nm).

Phot ocatalytic bio-et hanol ref orming reactions

Typically, 15 mg photocatalyst was suspended in bio-ethanol
solution (10 mL), which was substituted by a mixture of 1.5 mL
ethanol and 8.5 mL water (about 12wt% ethanol). The resulting
suspension was poured into a cylindrical quartz reactor {(volume =
50 mL), with a gas inlet valve and a gas outlet valwe. Then the
reactor was pumped into a vacuum and purged with the Ar at
atmospheric pressure. The suspension was stirred and exposed to
simulated solar light, NIR light or UV-Vis light irradiation,
respectively. In experiments where simulated solar light (a 300 W
Xe arc lamp equipped with simulated sunlight filter) was used. NIR
light source was obtained by using an 700 nm long-pass filter
filtering out the UV-Vis light components in simulated solar light. A
300 W Xe arc lamp as the UV-Vis light source where the NIR
components were filtered out by wide bandpass infrared filter. The
reactor vessel was keptina water bath at @a. 25 °C throughout the
whole experiment. 3 mL gas sample was taken through the outlet
valve port, subsequently was injected in a gas chromatograph
(Techcomp 7900), equipped with one thermal conductivity detector
(TCD) for the quantification of H,, and a flame ionisation detector
(FID) for the quantification of CH,4, CO, CO,.

Results and discussion

Synthesis and structural properties

This joumal is © The Royal Society of Chemistry 20xx
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Fig. 1. Schematic illustration of preparations of NYF/Au, NYF/CdS
and NYF/Au/CdS composites.

Fig. 1 illustrates the synthesis procedure of the monodisperse
NYF/Au/CdS NSs. Firstly, NYF NSs are prepared via the modified
hydrothermal method previously reported.55 Then, Au NPs are
deposited uniformly on the NYF NSs through
impregnation-reduction process, obtaining NYF/Au composite.
Lastly, as-obtained NYF/Au as the support for solvothermal growth
of CdS shell, forming NYF/Au/CdS hybrid. Besides, NYF/CdS, as a
referential sample, is synthesized by the similar solwthemal
process, during which NYF was selected as a template to grow
directly CdS. The details of the preparations of all samples are
presentedin the experimental section.
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Fig. 2. {(A) Typical XRD pattems of NYF (a), NYF/Au (b), NYF/CdS (c),
NYF/Au/CdS (d) and enlarged region Iand Il of the XRD patterns (B,
C) ofall as-prepared samples.

X-ray diffraction (XRD) pattems of as-prepared samples reveal the
characteristics of the cubic phase of NaYF, (JCPDS Card No. 77-2042)
asshown in Fig. 2A. Further, zoomingin the red rectangular region [
and II, the enlarged XRD patterns are displayed in Fig. 2B and 2C
respectively. It can be found that the peaks at 24.8°, 26.5° and 28.2°
in the XRD patterns of NYF/CdS and NYF/Au/CdS are corresponding
to wurtzite CdS (JCPDS Card No. 70-2553) (100), (002) and (101)
lattice plane respectively, while the peak at 38.2° is assigned to Au
(111) in the XRD patterns of NYF/Au and NYF/Au/CdS. These results
demonstrated that pure NYF is synthesized successfully via
hydrothermal method. What’s more, Au and S oould be
effectively introduced into the corresponding NYF-based system,
without any phase change of NYF through chemical impregnation-
reduction process and solvothe rmal process, respectively.
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Fig. 3. SEM SE images of NYF (A), NYF/Au (B), NYF/(S (C),
NYF/Au/CdS (D) and BSED images of NYF (E), NYF/Au (F), NYF/CdS
(G), NYF/Au/CdS (H).

The scanning electron microspy (SEM) images (induding the
secondary electron images (A-D) and backscattered electron
diffraction images (E-H)) of all samples are exhibited in Fig. 3. As
shown, the mormphologies of NYF, NYF/Au, NYF/S and
NYF/Au/CdS are presented in the form of monodisperse
nanospheres. In Fig. 3A and 3E, each NS is smooth-surfaced with a
diameter about 100-500 nm. As the SEM images of NYF/Au
presented (Fig. 3B and 3F), Au NPs evenlydeposit on the surface of
NYF NSs (the bright white spots in Fig. 3F represent Au NPs). As
displayed in Fig. 3C and 3G, smooth NYF NSs surfaces are
roughened with GdS nanocrystals uniformly growing on the surface
of NYF NS. Similar appearance is observed in Fig. 3D for NYF/Au/CdS
NSs. And Au NPs in NYF/Au/CdS NSs is invisible. But, a few white
spots, representing Au NPs, are \visible on the surface of
NYF/Au/CdS NSs in Fig. 3H. These observations probably reweal that
Au NPs mainly exist at the interfaces of NYF/CdS. Meanwhile, it is
also proven that the morphology of NYF didn’t change visibly during
the whole fabrication procedure.

ull Scale 1132 cts Cursor: 20.806 (0 cts) keV|

Fig. 4. TEM and HRTEM images of NYF/Au/CdS (A, B) with its EDS
spectrum (C).

More detailed structural information of NYF/Au/CdS composite is
revealed by transmission electron micros cope (TEM) and energy
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dispersive spectrometry (EDS). Fig. 4A shows that some tiny
nanopartices assemblies are attached to the surface of each NYF
NS evenly to form a NYF/Au/CdS NS. Looking dosely, it could be
found that the outer NPs didn’t fully cover the NYF core, keeping a
highly open structure. This unique construction may be benefidal
for mass transfer. Furthermore, a high-resolution TEM (HRTEM)
photograph taken at the red rectangularregionsin Fig. 4A displayed
in Fig. 4B, three distinct sets of lattice fringes are presented. In the
core region, an intedayer spadng of 0.27 nm is observed. This is
well-matched with the lattice spadng (d) of (200) lattice plane of
cubic NaYF,. An intedayer spacing of 0.36 nm, which is consistent
with d(100) of wurtzte CdS,emerges in the superficial NPs. Another
noticeableintedayerspadng of 0.24 nmis well-matched with d{111)
of fcc Au crystal, which appears in the interface layer. These TEM
and HRTEM observations darify that each NYF NS is coated with
CdS, and tiny Au crystals are embedded between NYF and CdS.
Besides, EDS spectrum collected on a single NYF/Au/CdS NS further
confirms the co-existence of Na, Y, F, Yb, Er, Au, Cd and S elements
in a single architecture as shownin Fig. 4C. In addition, the chemial
state of Au is also verified by X-ray photoelectron spectros copy
(XPS). As shown in Fig. S1, the Au 4f spectrum for NYF/Au/(dS is
identified in two peaks at 83.4eVand 87.1eV, which is assigned to
metallic Au”® It indiates that Au presents in a metallic state,
excdusively.

Optical absorption and UC luminesce nce properties
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Fig. 5. (A) the UV-vis-NIR absorption spectra of NYF, NYF/Au,
NYF/CdS and NYF/Au/CdS (solid line) and the UC luminescence
spectrum of NYF upon 980nm NIR exdtation (dash line). (B) UC
emission spectra of NYF, NYF/Au, NYF/CdS and NYF/Au/CdS (inset:
the magnified UCemission spectra of NYF/Auand NYF/Au/CdS).

The optical properties of as-prepared samples are investigated by
UV-vis-NIR absormption spectra. As shown in Fig. 5A, bare NYF
exhibits onlya weak absorption band centered at ~975 nm, which is
attributed to the °F;,>°Fs, transition of Yo in the NaYF, host.”
With the modification of Au on NYF, one strong broad absomption
band located between 490 and 630 nm emerges, which is assigned
to the SPR characteristic absorption of Au NPs. Meanwhile, NYF/Au
presents an increase in absorption across the entire spectral range
compared with the bare NYF, suggesting the plasmonic Au indeed
enhances light absorption.57 The UV-vis-NIR absomption profile of
NYF/CdS presents an obvious bandgap absorption of CdS. The band
gap is determined to be ~2.3eV (537 nm), using a tangent line to
the absorption edge. When CdS NPs grown on the NYF/Au substrate,
the Au SPR characteristic absorption and the enhanced bandgap
absorption of CdS appear simultaneously. Obviously, the
characteristicbandgap absorption band of CdS in NYF/Au/CdS has a
slight red-shift compared with one in NYF/CdS, most likely because
of the strong electromagnetic coupling between Au and cds.*®%°
This also further manifests the intimate contact between CdS and
Au NPs. Moreover, these UV-vis-NIR spectra intuitively display that
there indeed is some overap between the Au SPR characteristic
absorption and bandgap absorption of CdS. To check weather the
UC emission spectra of NYF match with both the bandgap
absorption of CdS and Au SPR characteristic absorption, which is
crudal for NYF/Au/CdS to effectively utilize UC luminescence, the
UC emission spectra is also depicted in Fig. 5 (dashed line). Undera
980 nm laser excitation, NYF gives typical green emission ranging
from 515 to 565 nm and red emission ranging from 640 to 675 nm
in \sible light region, those are originated from the (ZHM/Z,
453/2)94I15/2 and 4F9/294I 1572 transitions of Er¥*ions doped in NaYF,
host, respectively.55 Itis obvious that both the SPR characteristic
absorption of Au and bandgap absorption of CdS overap with the
UC green emission, but the extent of overap for the former is
greater than the latter. Itimplies that plasmonic Au can utilize more
UC green luminescence than CdS. Meanwhile, neither of them
overlaps with the UC red emission.

For further revealing the utilization of UC luminescence in all
composites, UC emission spectra under 980 nm exdtation of as-
prepared samples are exhibited in Fig. 5B. After being covered by
CdS, the intensity of green emission decreases slightly, while the
red emission changes little. The green emission is reduced mainly
via FRET process or radiation-reabsorption processes in NYF/CdS.
The unchanged red emission arises from that the energy of red light
is lower than the one corresponding bandgap of CdS. It also
indicates that the thin CdSlayer couldn’t attenuate the incident NIR
light intensity arriving at the NYF surfaces. The modification of Au
NPs resultsin a remarkable reduction in the intensities of the green
emission and red emission. And the decrement of green emissionis
higher than that of red emission. This phenomenon suggests that
the quenching of green emission and red emissionin NYF/Au is due
to the energy migration from the NYF to plasmonic Au by radiation -

This joumnal is © The Royal Society of Chemistry 20xx
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reabsorption or FRET mode and scattering mechanism, respectively.
For the NYF/Au/CdS hybrid, the intensities of the green and red
emission further diminish compared to those of NYF/Au. Itindicates
that the plasmonic Au and CdS could cooperatively enhance the
utilization of UCemission. Which mayendue NYF/Au/CdS with good

NIR-driven photocatalytic performance.
Bio-ethanol photoreforming performance
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Fig. 6. The photocatalytic bio-ethanol reforming H, evolution in the
presence of various samples under NIR (A), simulated sunlight (B)
and simulated sunlight without NIR component irradiation (C).

To verify our hypothesis, the photocatalytic bio-ethanol reforming
H, evolution properties of all samples are investigated under the
non-coherent NIR light part of simulated sunlight (AM 1.5G). The
results are presented in Fig. 6Aand Table S1and S2. As shown in Fig.
6A, the pure bio-ethanol solution with absent of any samples
doesn’t produce detectable H, under NIRirradiation. It exd udes the
possibility of pure light effects on bio-ethanol photoreforming H,
production at room temperature. Yet, no H, is detected in the
presence of NYF or NYF/CdS exposed to the NIR light, indicating
that the energetic electrons in NYF cannot be directly utilized in the
current photocatalytic system and CdS cannot efficiently harwest
the very low-density UC emission fluorescence to generate enough
free carrers for bio-ethanol photoreforming H, production.
However, an observable H, production is observed in the presence
of NYF/Au, confimming that the energy migrating from the NYF to Au
could induce the Au SPR and enable the plasmonic Au to trigger
photocatalytic bio-ethanol reforming H, production via SPR-induced
hotelectron effect or SPR-induced heat effect activating
photocatalytic process. As expected, NYF/Au/CdS shows the highest
H, production rate (0.59 pmol -g'loh'l), compared with the NYF,
NYF/Au or NYF/CdS. The corresponding apparent quantum
effidency is about 0.00089% under NIR irradiation (A>700 nm). This
further verified the fact that NYF/Au/CdS can high-effidently utilize
the energy migrating from the NYF due to the synergy between
plasmonic Au and S, resulting a signifiant NIR-driven
photocatalytic performance. Besides, for comparison, the NIR
photoactivity of the mechanical mixing sample of NYF and Au/CdS
(donated as NYF-Au/CdS-M), with the mass ratio of Au/CdSis 7.7%,
is also tested. Au/CdS is prepared by the modified previous
method.®! The detailed experimental processes are presented in
Supporting Information. As a result, photocatalytic H, production
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rate of NYF-Au/CdS-M significantly less than that of NYF/Au/(dS.
Which manifests that the enhanced NIR photocatal ytic performance
of NYF/Au@CdS is attributed to the synergies among all
components based on the unique structure, rather than the simply
sum of photoactivity of all components. To determine the thermal
catalytic contribution of the as-prepared samples to photocatalytic
reforming bio-ethanol H, evolution, a controlled experiment is
conducted in the dark when other experimental conditions are the
same. The resultsare listed in Table S1. No detectable H,is released
forall samples. It indicates that the thermal catalyticeffect doesn’t
exist at room temperature in the dark for all samples. For the
purpose of practical applications, we further study the bio-ethanol
photoreforming performances of as-prepared samples under
simulated solarlightillumination. As shown in Fig. 6B, the pure bio-
ethanol solution with absent of any samples doesn’t produce
detectable H, under simulated sunlight irradiation yet. The unique
NYF/Au/CdS composite presents the maximum H, evolution rate,
which is much higher than ones of the others. In order to better
reveal that the NIR light components’ contribution to solardight-
driven photoactivity, we also measure the bio-ethanol
photoreforming H, production rate of NYF/Au/CdS under the
simulated sunlightirradiation withoutNIR light part by using a wide
infrared filter. When the NIR light is filtered, the H, ewlution rate
dedined sharply as shown in Fig. 6C. It indicates that the
contribution of NIR is significant for NYF/Au/CdS composite. This
surprising result indicates that the combination effect of NYF, Au
and CdS components may enhance the NIR-driven photocatalysis
and boost the utilization of the solar energy when the unique
NYF/Au/CdS is exposed to the sunlight radiation. It also further
proves the significance of utilizing the NIR components of sunlight.
Among the gaseous products, some minor products detected are
CO, CH, and CO, except for the main product H, (data compiled in
Table S1). Besides the gaseous products, analysis of liquid products,
produced from bio-ethanol over NYF/Au/CdS under the NIR light or
simulated sunlight irradiation, is also done (listed in Table S2).In
these cases, acetal (i.e. 1,1-diethoxyethane) is the mainly product
detected. Which may be formed via the condensation reaction of
an acetaldehyde
Acetaldehyde may be the oxidation product from photoge nerated
holes oxidizing ethanol during photocatalytic process. Traces of
acetaldehyde and acetal are detected in the liquid phase, produced
from bio-ethanol over NYF/Au/CdS under NIR light irradiation, but
unfortunately, the low amounts produced makes accurate
quantifiation difficult. As for quantification of liquid products
produced from bio-ethanol over NYF/Au/CdS under the simulated
sunlight irradiation, the corresponding acetal, is also the main
product detected. The molar ratio of acetal and H, is alalated to

molecule and two ethanol molecules.

be ca. 0.71. This value is less than the stoichiometric ratio value of
the dissodiation of ethanol into acetaldehyde and H, via oxidation
and reduction reactions, respectively. This result maybe due to that
a small quantity of acetaldehyde formed decomposes to CH,, CO or
CO,. In this case, the selectivity of dehydrogenative products is
about 71%. The mainlyinvolved reactions are presented as follows:

NYF/Au/CdS +hu > (NYF/Au/CdS)* +h'+e’ ]
CH3CH,0H + 2h" - CH;CHO + 2H" 2
2H" + 2" >H, (3)
2CH3CH,0H + CH3CHO > CHCH(OCH,CH3), +H,0 (4)
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Fig. 7. Time-resolved fluorescence decay curves of Er’ Aem =

539nm) of NYF, NYF/Au, NYF/CdS and NYF/Au/CdS excited by

980nm laser (inset: the enlarged pink region).

As known,a prerequisite to achieve effective NIR-activated reaction
for NYF/Au/CdS is that the high-efficdency energy transfer pathway
and process among NYF, Au, and CdS should be guaranteed. To
demonstrate the energy transfer process from NYF to Au or (dS,
the time-resolved fluorescence dynamic curves of 453/294I15/2
transition in Er* for all samples are measured and the results are
shown in Fig. 7. When NYF is cated with CdS, the luminescence
rise time and the lifetime of 453/2 level changes little. It indicates
that the energy migration from NYF to CdS is mainly by radiation-
reabsorption process in NYF/CGS composites.az‘ 62 o Comparing
with pure NYF and NYF/CdS, Au-modified samples (NYF/Au and
NYF/Au/CdS) have a litle longer rise times in their temporal
evolution curwes (Fig. 7 inset), which means that more energy has
* This
enhanced UC populating processes of Er’* jons in NYF/Au and
NYF/Au/CdS further indicates that the plasmonic Au can harvest
more incddent NIR light to be absorbed by UC component.
Moreover, the average decay time of the corresponding excited
state increases remarkably after Au NPs depositing (from 290.9 us
to 412.0 us), which is probably due to the Au SPR-induced photo
sattering effect. Most notably, the awrage decay time of the
corresponding excited state in NYF/Au/CdS decreases significantly
compared with NYF and NYF/Au. This suggests that the presence of
plasmonic Au at the surfaces of NYF NSs creates a non-radiative
energy transfer channel from the excited states of Er to Au, which

been transferred from exdted Yo’ jons to Er’ ions.

isa FRET process, since the fluorescence lifetime of the donor will
be unchanged in a radiation-reabsorption process. Such an
additional energy transfer process obviously accelerates the
relaxation of exdted states of Er3+, leading to an increase of the
overall energy transition rate and resulting a reduced fluorescence
32,8 This implies that the exdted Au SPR in NYF/Au/CdS
may decays via a non-radiative mode instead of the scattering
mechanism which exists in NYF/Au composite. Because these Au
SPR-mediated non-radiative energy transfer processes replace

lifetime.

radiation-reabsorption process, the strong interface photon losses
are awided and energy migration efficdency is improved, resulting
higher utilization rate of the solar energy.

This joumal is © The Royal Society of Chemistry 20xx
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Fig. 8. Short-circuit transient photocurrent response of all samples
under NIR irradiation {A>700nm) (A) and irradiated with A=530+20
nm(B).

To further reveal the energy migration route and mode between
plasmonic Auand (S, the transient photocurrent responses of all
samples under the NIR light irradiation are performed. As depicted
in Fig. 8A, both NYF and NYF/Au show a negligible photoaurrent
under the NIR light irradiation, indicating that plasmonic Au cannot
generate conspicuous hot-electrons under the NIR excitation.
Combined with the fact that NYF/Au shows evident H, production
rate, this phenomenon indicates that plasmonic Au could serve as a
co-catalyst. NYF/CdS gives an obvious photocurrent under the NIR
light irradiation, verifying that CdS shell is capable to absorb some
UC green emission and generate photoelectrons. This is consistent
with the corresponding UC emission spectra. More remarkable,
once Au NPs embedded in NYF/CdS interface, the current density of
NYF/Au/CdS increases drastically. These results therefore indicate
that Au SPR-induced PRET may enhance significantly electron-hole
pairs generation rate for CdS. To further eliminate the contribution
of FRET process increasing the photocurrent and confirm the
existence of Au SPR-mediated PRET during photocatalytic process in
NYF/Au/CdS composite, the photocurrent responses of abowe-

This joumal is © The Royal Society of Chemistry 20xx
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mentioned samples under A=530+20 nm lightirradiation, which can
excite directly Au SPR, are also compared. Similar photocurrent
behaviors of all samples are displayed in Fig. 8B. These results
demonstrate that UC lumines cence-induced Au plasmons is indeed
decayed by transferring the accumulated energy to CdS and
enhancing exciton generation rate in CdS via PRET mechanism
rather than hot-electron injection orscttering mechanism. Besides,
Au NPs can actas an excellent electron sink to trap free electrons in
CdS due to its lower Fermi energy level than the conduction band
position of cds.®® Consequently, this would greatly accelerate the
separation of photogenerated electron-hole pairs with more
electrons transferring to highly active plasmonic Au and holes
leaving in CdS. The results make the energy migration mode and
route between Au and CdS dear. Thatis, after the Au SPRisexcited,
the optically extracting energy is transferred from plasmonic metal
to semiconductor via PRET process, inducing more free carriers in
CdS. Subsequently, the photoinduced electrons are scavenged by
Au NPs and photoexcited holes are left in CdS shell. Finally, the
separated holes and electrons could participate in related chemicl
transformation.

Mechanism of the enhanced NIR-driven photoactivity

Scheme 1. lllustrative diagrams of energy transfer among NYF, Au
and CdS and the process of the bio-ethanol photoreforming H,
evolution under NIR irradiation.

Based on the above observations and discussions for the NIR-driven
bio-ethanol photoreforming reaction, the possible energy migration
route and photoactivity enhanced mechanism in NYF/Au/CdS are
illustrated in Scheme 1. Firstly, NYF absorbs the concentrated
incident NIR light, and Yb™ ions are excited from their ground state
(2F7/2 lewel) to excited state (ZFS/Z level). Subsequently, Yb* ions in
exted state dominantly leads the Er’* ions being excited to their
high-energy levels by energy-transfer upconversion (ETU) from the
exdted Yb® ions to Er’' ions. Meanwhile, the exdted-state
absorption (ESA) is also exist. Then, the energy of the excited state
2H11/2 and 453/2 level of Er" is transferred directly to Au via FRET
process, exciting Au SPR, since these two excited state levels match
well with the Au NPs SPR absorbance. Afterwards, a concentrated
electromagnetic field is induced nearsurface of Au nanostructures
and the electronmagnetic field mediated PRET between Au and GdS
occurs on the premise that the owerapping absorbance spectra of
CdS and Au SPR. Because of the enhanced local elctronmagnetic
field, the PRET process can directly trigger more ele ctron-hole pairs
in CdS. Then, the free electronsin the CB of CdS are captured by Au
NPs, while the holes transfer to the surface of CdS nanocrystals.
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This could effectivelysuppress the recombination of carriersin CdS.
Moreover, the plasmonic Au may also act as a co-catalyst and
provide active sites for bio-ethanol photoreforming H, evolution.
Eventually, the separated electrons and holes can react with the
adsorbed CH3CH,0H on the surface of Auand S, mainly forming
H, and CH3CH,0. The interface between metallic Au and CdS may
play a key role in bio-ethanol photoreforming reaction
mechanism.*® More experiments for revealing the mechanism of
photocatalytic bio-ethanol reforming producdng H2 and
corresponding carbonyl compounds over NYF/Au/CdS photocatalyst
are ongoing.

Conclusions

In summary, on the one hand, plasmonic Au NPs sandwiched
between NYF and CdS play as a light concentrator and an
energy relay for overcomingthe small absorption cross-section
limit and interfacial energy loss issue facing the current state-
of-the-art UC-involved photocatalysts. On the other hand, Au
NPs also play the roles of electron sink and co-catalyst to
promoting carrier separation and lowering catalytic reaction
barrier for the related chemical transformation. On account of
the multiple mediator effects of plasmonic Au, the
NYF/Au@CdS composite exhibits obviously enhanced bio-
ethanol photoreforming activity under low-density NIR light
and the simulated solar light irradiation. The established
UC/M/S photocatalytic system offers a new strategy for
developing effective and robust NIR-driven UC-involved
photocatalysis systems, that will greatly improve solar-energy
utilization efficiency.
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