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Abstract: The upconversion (UC) nanoparticles (NPs) basetaseexhibits the
potential application for the detection of dyesawhe metal ions and DNA, et al.
However, the application of upconversion NPs basadsor was limited due its low
UC luminescence intensity. In the present work,3i@ opal photonic crystals were
prepared by the self-assembly technology. Afteiltiafion of SiG opal by the
transparent chloroauric acid solution and the folhgy sintering at the high
temperature, the Au NPs/opal hybrids were prepdrked.Au NPs/opal hybrids result
in the enhancement of excited electric field, whoetm be served as the template of
UC emission enhancement of Nay¥b*®*, EF* NPs exited at the 980 nm. The
corresponding maximum UC emission enhancement st 4 7-fold. The detection
of Rhodamine B was realized by monitoring the clagp@f green UC intensity of
NaYF5:Yb**, EF* NPs. In comparison with pure NaY¥¥b®*", EF* NPs, the sensor
sensitivity of NaYR:Yb®", EF* NPs deposited on the Au NPs/opal hybrid was
increased by about the 35-factors, which exhibltsaadetection limit of 164/M and

a high sensitivity of 1.1M™. The present work demonstrated that this solidaen
exhibits potential applications in heavy metal iansl DNA, et al.

Keyword: Upconversion luminescence; NaY¥b*", EF* nanoparticles; Rhodamine

B sensing; Au nanoparticles/opal hybrids
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1. Introduction

With the development of industries and economie,dfganic rhodamine B dye
(RhB) was widely used in the food, printing, textdind water tracer fluorescent [1-4].
At present, lots of investigations demonstratedt ttie RhB has toxicity and
carcinogenicity to human health and can pollutewheer source [5-7]. However, the
RhB is still applied in the textile and food, ebecause of its low cost and bright
coloration [8, 9]. Thus, the detection of RhB irrigas fields such as the food and
water is very important and necessary. Now, for db&ection method of RhB, the
high-performance liquid chromatography, surfaceagied resonance Raman
scattering, electrochemistry and ultraviolet-visitdpectrophotometry method were
extensively used [10-12]. These detection appraachee complex and their
applications were limited.

Upconversion (UC) luminescent nanoparticles (NRshich convert long
wavelength photons with low energy into a short @ermgth photon with high energy,
have aroused much attention due to their wide egpbins in the various fields such
as the biological imaging, therapeutics and soddiscetc. [13-16]. In recent years,
the UC NPs exhibits the potential application ia #ensors for the detection of dyes,
heavy metal ions and DNA, et al [17-21]. Howevére tUC luminescent process
mainly arises from the 4f-f forbidden transitionrafe earth (RE) ions, resulting in a
lower UC emission efficiency due to the small apton and emission cross section.
For example, the NaYEYb®", EF* NPs are considered as one of the most efficient

UC materials in the previous investigations. Howgits UC efficient is only up to
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0.3%, which limit their applications as the senddrus, it is significant to improve
the UC luminescence of NaYi¥b®*, EF*NPs. To solve the problems, many methods
such as synthesis of core-shell structure, hostteh and surface coating et al have
been developed to improve the UC emission of Nawtt**, EF* NPs. Located
surface plasmons resonance (LSPR) of metal NPsasuélu and Ag has been widely
used to enhance UC luminescence of NaYB**, EF*NPs in previous investigations
[22-24]. For the UC luminescent enhancement basetth® LSPR of metal NPs, it is
well-known that the 980 nm excitation light or UGnlinescence wavelength is
needed to overlap with the LSPR of Au or Ag NPsolmtain the larger UC
luminescent enhancement of Nay¥b**, EF* NPs. However, in general, the LSPR
of Au or Ag NPs is in the visible light region. i$ relatively difficulty for the
preparation of Au or Ag NPs with the LSPR of 980.nrherefore, a new approach
based on the coupling between photonic crystalsnaetdl NPs with the visible LSPR
were developed in order to obtain larger UC luntees enhancement [25, 26]. For
example, the inverse opal photonic crystal inclgdhg NPs with the visible LSPR of
Au or Ag NPs was applied to improve the UC lumireese of NaYEYb**, EF* NPs.
However, the NaYEYb*", EP* NPs can be entered into the macrospore in thesave
opal structure, which cause the suppression théudfthescent. Thus, the maximum
enhancement factor of UC luminescence was onlyfe&®r [27]. Additionally, there
have few investigations on the detection of Rhodan® by the UC NPs/Au/PC
hybrids. In this work, the SiDopal photonic crystals (OPCs) were prepared by

self-assembly technology. After infiltration of OBP®y the transparent chloroauric
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acid solution and the following sintering at thgthitemperature, the Au NPs/OPCs
hybrids were obtained. The Na¥¥b®*", EF* NPs were deposited on the surface of
Au/OPCs hybrids. The influence of coupling metalsNi#th photonic crystals on the
UC luminescence of NaYFYb®*", EP** NPs has been investigated. The detection of
RhB was investigated by monitoring the changindghef green UC intensity of UC
NPs/Au/PC hybrids. The low detection limit and higétection sensitivity of Rh B
was obtained by the UC NPs/Au/OPCs hybrids.

2. Experimental

2.1 Synthesis of NaY F4:20% Yb*, 2% Er®" NPs,

High purity (99.99%) YbOs;, Y03 ErRO; and analytical reagent grade
1-octadecylene, NaOH, oleic acid, NHwere used as raw materials to synthesize
NaYF::Yb*, EF* NPs. The hexagonal phase Na¥®*, Er** NPs were prepared by
co-precipitation method according to the literasufe8]. Firstly, the RED; (RE'=
Y3, Yb** and EF") were dissolved in the hot HCI solution to formrresponding
RECk compounds, and then the RgE€Cbmpounds were dissolved in deionized water
to form the 0.2 mol/L REGIsolution. The 1.56 mL YG) 0.4 mL YbC} and 0.04 mL
ErCl; was added into the mixture of 12 mL 1-octadecylané 8 mL oleic acid in a
three-necked flask. The mixture was heated to°C56r 40 min to remove water
with the argon gas under the stirring. After coglio room temperature, the 2 mL
NaOH and 6.6 mL NkF were added into the mixture, which was heatesD¥C for
30 min. Subsequently, the solution was heated ¢ol®0°C for 10 min to remove

methanol, then it was heated at the 8G0for 50 min under the argon shield. The
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resulting NaYER'Yb*, EF* NPs was obtained by centrifuging three times and
dispersing in cyclohexane.
2.2 Fabrication of NaYF. Yb*, Er®* NPSAu/OPC hybrids.

Monodisperse Si@microspheres with diameter of 250, 300 or 460 nerew
used to fabricate three-dimensional ordered OPCthemuartz substrates through
vertical deposition method as the previous world.[Z&e OPCs prepared by the 250,
300 or 460 nm Si@microspheres were denoted as the OPC-I, OPC-IIGIa-IlI,
respectively. The voids of OPC-I, OPC-Il and OPCwere infiltrated by using the
0.05M HAUC solution, respectively. After sintering at 4%D for 4h in air furnace,
the Au NPs and OPC-I~Ill composites were obtairdehoting as the Au/OPC-I,
AuU/OPC-Il and Au/OPC-lll, respectively. For the goanison, the same HAuULI
solution was deposited on the pure quartz substsgteout the OPCs and was
sintered at the same temperature and time, which demoted as the Au/Q. The
as-prepared NaYEYb**, EP* NPs were spin-coated on the pure quartz (denated a
Q), Au/Q, Au/OPC-I~III substrates, and the Na¥YPs/Au/OPC-I~1ll hybrids were

obtained. Scheme 1 shows the preparation procedshaYF, NPs/Au/OPC-I~III

hybrids.
OPC substrate Au/OPC substrate NaYF nan cles/Au/OPC substrate
f“"j, Roace i :
(A0 A ¢ 2
o a » N @ )l. 3

e | oA j‘ ) . f ) )
- )~ 450°C/4h & spin-coating of
R T e (LS 2 5
) ‘ d J."‘ sintering of &L | NHYFJ_:YI)'H. Er*t
\f’ HAuCl, \ nanoparticles

Scheme 1 the preparation processeSafF, NPs/Au/OPC hybrids

The RhB was dissolved in the various volume ethawoolform 1.75*1C,
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3.5*10% 5.25*10* 7*10* and 8.75*10 M solutions, respectively. Then, theu?
RhB solution with the different concentration waslded into the NaYF
NPs/Au/OPC-I1lI hybrids and dried on the oven fag thetection investigation of RhB.
2.3 Structure and optical characterization.

The crystal phase and morphology of Na¥B**, EF* NPs were detected by an
X-ray diffraction diffractometer quipped with CuoKradiation and transmission
electron microscopy (TEM, JEOL 2100), respectivélye morphology of OPC-I~IlI,
AU/OPC-I~Ill and NaYEk /Au/OPC-I~IIl hybrids were measured using a field
emission scanning electron microscopy (FESEM, QUAN®50). To further
investigate the distribution of Au NPs on the OP@} the transmission electron
microscopy and energy dispersive X-ray analysisgenaf Au/OPC OPC-I~III
hybrids were obtained by transmission electron osicopy (TEM, JEOL 2100). The
absorption spectra were taken using a HITACHIU-4&p8ctrophotometer. The UC
emission spectra of samples were characterized byHIZBACHI F-7000
spectrophotometer with an excitation of 980 nm.

3. Resultsand discussions

3.1 Morphology and absor ption property of NaYF4 NPs/Au/OPC-I~l11 hybrids
Figure 1 (a) is the XRD pattern of NaYRPs. It is clearly that all peaks are

well-indexed to the standard PDF card (JCPDS Ne03®), indicating that the
prepared NaYFNPs are pure hexagonal phase. Figure 1 (b) sHwvEEM image of
NaYF,; NPs, depicting the monodisperse and inerratic hmqgy of NaYR NPs
with average diameter of 25 nm. The high resolufil@M image of NaYEk NPs

exhibits the clear lattice fringes as shown in Fegli (c). The space of two adjacent
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lattice fringes is 0.3 nm, which is consistent vitilke (110) plane of hexagonal Nay F
The selected area electron diffraction (SAED) patigas observed in Figure 1 (d).
The diffraction rings are marked as (200), (11291, (210) and (002), which further

demonstrated that the NaYRPs is the hexagonal phase.
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Figure 1 the XRD pattern (a), TEM image (b), highalution TEM image (c) and selected area
electron diffraction pattern (d) of the prepared/Ra Yb*", EF* NPs.

The SEM image of OPC-I~IIl were presented in thguFé 2 (a) and the Figure
S1~2 of supporting information, respectively. TiiEgmicrospheres form an ordered
face centered cubic (fcc) arrangement with theecloacked 111 plane parallel to Q
substrate. After sintering of the silica OPCs witik infiltration of HAuC}, solution,
the structure of Au/ OPC-I~Ill hybrids was charaizted by the SEM, as shown in
Figure 2 (b) and Figure S1~2. The bright spotshi Fig. 2 (b) and Fig. S1~2 of
supporting information are the Au NPs with thegukar shape, and the homogeneous

distribution of Au NPs was observed in the posgiosf OPCs voids. Thsize
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distribution histogram of Au NPs was shown in thgeirt of Fig. 2 (b). It is clear that
the sizes of Au NPs were in the region of 10-100amd average size was about 53
nm.The TEM images and EDX pattern of Au/OPC-I~IIl higsrwere used to further
investigate the formation of Au/OPC-I~III hybridsttures and existence of Au NPs,
as shown in Fig. 2 (c) and Fig. S1~2. The silicarospheres surface attached lots of
small continuous bright spots (such as in the regfles) and some clear bigger bright
spots. The larger Au island NPs and a layer of datiauous film were formed on the
surface of silica microspheres. These bright spet® verified as the Au element by
the EDX pattern (Fig. 2 (c)). The SEM micrographAef NPs on the Q substrate was
showed in the Figure S3 (a) of supporting informratilt's noted that the size of Au
NPs is in the region of 60-200 nm. Compared with Au NPs on the OPC-I~IIl, the
size of Au NPs on the Q substrate is lager, whigdgested that SiOmicrospheres of
OPCs limited the growth of Au NPs. Figure 2 (d)4f)jd Figure S1~2 exhibited the
SEM images of NaYE Yb%*, EP" NPs deposited on surface of OPC-I~III,
Au/OPC-I~IIl and Q substrate, respectively. It /mus that the surface and voids of
OPC-I~Ill, Au/OPC- I~IlIl and Q substrate were coaerby a dense single layer of

NaYF,:Yb®, EFP"NPs.
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Figure 2 the SEM images of OPC-IIl (a) and Au/OMCx/brids (b); the insert in the (b) is the
size distribution histogram of Au NPs; the EDX patt(c) of the Au/OPC-III hybrids; the insert in
the (c) is the TEM image of Au/OPC-IIl hybrids; t#EM images of NaYEYb®*, EF" NPs
deposited on the OPC-IlI (d), Au/OPC-IIl substrggeand Q substrate (f).

The absorption spectrum of Au NPs on the Q sulasisathown in the Figure S3
(b). It is clear that an obvious peak centered3@tim was exhibited in the absorption
curve, which arises from the LSPR of Au NPs. Fig8rpresented the absorption
spectra of OPC-1, OPC-Il, OPC-IIl without and wilu NPs. Absorption curves of
OPC-I~IIl showed an obvious photonic band gapstextat 561, 672 and 996 nm,
respectively, which were overlapped with the greed red UC emission peaks of
Er* and excitation wavelength of 980 nm, respectivéilis noted that the silica
microsphere size would affect the position of phatoband gap of OPCs.
Theoretically, Bragg's lawA=1.633D (st - Sinf0) could be used for calculating the
position of photonic band gaps. According to thaatipn, the photonic band gaps of
OPC-I~IIl are calculated as the 550, 659 and 10d1 respectively. Position of
photonic band gap shifts to the long wavelengthhwiite increasing size of silica
microsphere. The calculation value of photonic baagh is consistent with the

measurement value. After sintering OPC-I~I1ll sarapléth the infiltration of HAuCY
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solutions, the photonic band gaps position of AlWWAPIII hybrids shifted slightly to
the shorter wavelength, and the photonic band gapgion of Au/OPC-I~III hybrids
were located at the 538, 650 and 970 nm, respéctiMee blue shift of photonic band

gap may be due to the shrinking of microspheresrafrdctive index changing of

AuU/OPC-I~IIl structure. As can be seen in the Feg@; the absorption curve of
Au/OPC-II~IIl exhibited another peak centered abw@b520 nm in contrast to the
OPC-II~IN, arising from Au NPs surface plasmon @aipgion. For the position of

photonic band gap, OPC-I substrate is consistetht the LSPR of Au NPs, thus the

absorption curve of Au/OPC-I only showed an absomgbeak at the 538 nm.

0.5 (a) = OPC-1
0.4 = QP C-11
o e QP C-111
:; 0.2
‘E’ 0.1
2 0.0

Au/OPC-1
Au/OPC-11
= Au/OPC-111

500 1000 1500 2000
Wavelength(nm)

Figure 3 Absorption spectra of OPC-I~III (a) and@BRC-I~III hybrids (b)
32 The UC emission enhancement of NaYFsYb®, Er®* NPs by the
AuU/OPC-1~111l hybrids
The UC emission spectra of NaYFrb*", EF* NPs deposited on the various
templates were shown in Figure 4 excited at the 980. All the UC
photoluminescence spectra exhibited the obviousngemission peaks at 525, 545

nm and a red emission peak at 660 nm Jf iBns, which arise from the electronic



205  transition of *Hyiypo—l1sm *Sso—*l1s, and *Feo—7l15, respectively. There is an
206  exponential relationship between UC emission intgriy and pump power (P) in the
207  UC emission process of NaY¥b*", EF* NPs, which can be expressed as thée'.I=P
208 The n value in the equation is the number of albrbfrared photons from ground
209 state to excited state required for an UC visiliietpn emission. Figure 5 is a log-log
210  spectrum of UC emission intensity as the functibthe pump power on the Q, Au/Q,
211 OPC-lll and Au/OPC-Illl substrates. The dependenéepaump power and UC
212 luminescence of NaYFYb*, EF* NPs on the OPC-l, Au/OPC-l, OPC-Il and
213  Au/OPC-Il substrate are presented in Figure S4s Itlear from the Figure 5 and
214  Figure S4 that the n value of NaY¥b**, EF* on the four templates for 545 and 660
215 nm reveals that the two-photon UC emission process&e involved for the green
216 and red UC emissions. To better understand UC @missechanisms of NaYF/b*",
217 ErP* NPs under the excitation of 980 nm, the energysfier between Y3 ions and
218 Er*ions was shown in Figure 6. Ground state’'Yions absorb 980 nm excitation
219  light, resulting in the transition from tH&, to excited?Fs, state. The absorption
220  cross section of YB ions at 980 nm excitation light are larger thard*Eons. The
221 Yb*' ions served as sensitizer transfer their absoebedgy to adjacent Erions, and
222  the EP* ions are excited frofilis,ground state to excitetlyy, state. Subsequently,
223  the higher'Fy), excited state of Bf ions are populated due to the successive energy
224 transfer from the Y ions to E¥* ions in the excitedl;1state. ThéF;, excited state
225  of Er*ions are non-radiatively relaxed to thy.,, and*Ss, states. Excited Ef ions

226 in the Hiy, and *Sy, state are jumped back fty, state, leading to green UC
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emission at the 525 and 545 nm, respectively. Astactrons of Ef ions in the*l1,

state undergo non-radiative relaxation to the lofley, state, thé'l 5, state of EY'

ions can be excited to th#, state due to the energy transfer of>Ylons.

Additionally, the*Fo/, state of EY' ions are populated by the non-radiative relaxation

from higher the’H11» and“*Sg), states, The radiative transition from fRe. excited

state t0*l;s5.ground state of Bf ions result in the red UC emission located at6f@

nm.
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Figure 4 the UC emission spectra of Na¥®>*, EF* NPs deposited on the surface of Q, Au/Q,

OPC-I, Au/OPC-I (a), Q, Au/Q, OPC-II, Au/OPC-II (Bnd Q, Au/Q, OPC-III, Au/OPC-III (c)

under the excitation of 980 nm.
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Figure 5 the dependence of pump power of 980 nntatxn light on the 545 and 660 nm UC

emission intensity of NaY£Yb®*, EF* NPs deposited on Q (a), Au/Q (b), OPC-IIl (c) and

Au/OPC-III (d) substrates.
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Figure 6 the UC emission mechanism of NaYB**, EF"* NPs upon the 980 nm excitation.

The UC photoluminescence of NaY¥b**, EF* NPs on various substrate
presented the different emission intensity. The éhdssion intensity on the various
substrates was enhanced in comparison with thiladf,:Yb**, EF* NPs on the Q
substrate. The corresponding enhancement factoy GEFRJC emission has been
obtained, as shown in the Figure 7. The EF in Edu(a) is the ratio of UC emission
intensity of NaYR:Yb®*, EF* NPs on the Au/Q, OPCxlIl substrate to that of
NaYF.:Yb*, EP* NPs on the Q substrate, respectively. Owing tcsthistrates coated
by the NaYE:Yb**, EF** NPs with the same amount. Thus the influence iokttess
and quantity of NaYEYb**, EF* NPs on the UC emission intensity could be avoided.
As seen in Figure 7, the EF of green and red UG&on on the OPC-lis 2.6 and 1.7,
respectively, and the corresponding EF values af amd green emission of
NaYF:Yb*, EF* NPs on the OPC-Il substrate is 2.8 and 2, respsgtiFor the
OPC-IIl substrate, the EF values at green and neidston were about 4. It can be
seen that the UC emission of the NaX®**, EF* NPs was enhanced on the surface

of photonic crystal, attributing to the excitati@mhancement caused by the silica
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microspheres induced the excitation light scatterihe electric field intensity of
OPC-I~IIl substrates along the polarization of X¥saand Y-axis was simulated with
the excitation light of 980 nm, showing the enhanest of electric field intensity, as
shown in Figure 8 and Figure S5. The EF valuesreémy and red UC emissions of
NaYF:Yb*, EF* NPs on the surface of OPC-IIl are larger thangh@NaYR:Yb*,
Er* NPs on the OPC-I~Il. The photonic band gap of OPG- overlapped with the
980 nm excitation light, which can couple well witie excitation light of 980 nm.
Thus the larger enhancement of excitation field chtained, resulting in the larger
UC emission enhancement on the OPC-IIl. Selectireerg UC enhancement of
NaYF::Yb*, EF* NPs on the OPC-I was presented in contrast toetiéJC emission.
For the OPC-Il substrate, the red UC emission ergraent of NaYEYb**, EF* NPs

is larger than its green UC emission. Photons dap@@ropagated in the wavelength
range of photonic band gap. The selective enhamieafeUC of NaYRk:Yb*, EF*
NPs on the OPC-I and OPC-Il is due to the Bragfyatifion of photonic band gap

[24, 30].
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Figure 7 the UC emission enhancement factor of Nam?t Er* NPs on the Au/Q, OPC-I,

OPC-Il and OPC-IIl substrates (a) and Au/OPC-1,@RC-11 and Au/OPC-IIl substrates (b);
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The UC emission EF of 545 and 660 nm of NaYB>*, EF* NPs on the Au/Q
substrate increased by 1.8 and 2.6 folds in cdrtivabe Q substrate, respectively. It’s
well-known that the LSPR of Au NPs can improve W@inescence intensity due to
the emission rate increasing or excitation fieldharcement [31, 32]. The
investigation of the enhancement mechanism of NaYFs on the Au/OPC hybrid
was carried out. The decay curves of NPs on thed)Aa/Q substrates were shown
in the Figure 9. The decay lifetimes of the UC emois of NaYR NPs on the Q and
Au/Q substrates exhibited no change, indicatingageate increasing has no effect on
the UC emission of NaY/ANPs on the Au/Q substrate. The electric fieldnsig and
distribution of the Au/Q substrate along the pdation of X-axis and Y-axis was
simulated by finite-difference time-domain (FDTD)ftsvare excited at 980 nm as
shown in Figure 8 (d) and Figure S5. The hot spase formed around the Au NPs
regarding of the polarization direction. These lssuindicated that the enhancement
of UC emission on the Au/Q template could be frdma &lectric field enhancement
around Au NPs. The relationship between the Usitg (I) and the excitation field
intensity(E) can be expressed as theEl', where the n is the photons number. The n
value of red UC emission is larger that of green émission, as shown in Figure 5.
Thus the enhancement factor of red UC emissioargel than that of the green UC

emission.
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Figure 8 the simulated electric field of OPC-I (&PC-II (b), OPC-lll substrate (c), Au/Q
substrate (d) and Au/OPC-III hybrids (e) along tlodarization of X-axis under the excitation of
980 nm.

The UC emission spectra of NayNPs/Au/OPC-I~Ill hybrids presented in the
Fig. 4 exhibited the further UC emission enhancdmmmparing with these of
NaYF::Yb*, EF* NPs on OPC-I~Ill or Au/Q substrates. The correstiom EF were
shown in the Figure 7 (b). The EF of green andu€demissions on the surface of on
the Au/OPC-I hybrid is 11.7 and 11.4, respectivéyn the Au/OPC-II, the EF of
green and red UC emissions is 9.5 and 16 foldpertively. For Au/OPC-III hybrid,
the EF of green and red UC emission of NaYB**, EF** NPs is 12.11 and 16.8 folds,
respectively. It is clear that the UC emissionistey of NaYR:Yb**, EF* NPs on the
AuU/OPC-I~IIl hybrid is larger than the total sum tme OPC and Au/Q substrate,
which indicated that the coupling of OPC and Au NPwprove greatly the UC

emission intensity in comparison with separate @P®@u/Q substrate. As shown in
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Figure 9 (b), the decay lifetimes of the green eetlUC emission of NaY/ANPs on
the Au/OPC-I~IIl hybrids have no significant diféerce in contrast to the OPC and
Au/Q substrate, which indicated the enhanced UCss&on on the Au/OPC-I~IlI
hybrids was not from the emission rate increaskgypresented in Figure 8 (e), for
Au/OPC hybrid structure, the simulated electriddfiglistribution and intensity is
larger in compared with separated OPC or Au NPstsaties. Thus, the UC emission
enhancement of Na¥%FYb®*", EF* NPs on the Au/OPC-I~Ill hybrids arise mainly

from the enhancement of excited electric field.
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Figure 9 Decay curves of 545 (a) and 660 nm (b)ed@ssion of NaYEYb**, EF* NPs on the Q,
Au/Q, OPC-Ill and Au/OPC-IIl substrates.
3.3 Detection enhancement of RhB by the NaY F,/Au/OPC-I11 hybrid structure

The UC emission of NaY£Yb®*", EF* NPs on the prepared Au/OPC-I~III could
be improved, which can solve its low UC emissiohe NaYR/Au/OPC-IlIl NPs can
served as a solid-state sensor to detect the RtBgh the change of UC emission
intensity of NaYR:Yb®*, EF* NPs. Figure 10 depicts the absorption spectra ®f th
RhB on the Q and NaYEYb**, EF*/Au/OPC-IIl hybrid substrates, respectively. The

absorption peak at the 556 nm is from the absarpifche RhB, which is overlapped
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with the green UC emission peak of NaY¥b®", EF* NPs. Thus, the energy transfer

from the NaYE:Yb**, EF* NPs to the RhB may take place.

RhB/Q
=——RhB/NaYF /Au/OPC-I1I

Absorption (a.u.)

400 | 6{I)0 - 860 - 1()'00 ) 1200
Wavelength(nm)
Figure 10 the absorption spectra of RhB on the @NeY B/Au/OPC-III hybrids
The UC emission of NaYEYb**, EF* NPs on the Q and Au/OPC-IIl hybrid
substrates as the function of RhB concentrationshmavn in Figure 11 (a) and (b)
under the excitation of 980 nm, respectively. F& NaYR:Yb®*", EF* NPs on the Q
and Au/OPC-IIl hybrid substrates, the decreasinggfen UC emission and no
changing of red UC emission was observed with eirgg the RhB concentration. It
is interesting that for the RhB on the NaY¥b**, EF"/Au/OPC-IIl hybrids, the
emission peak located at the 581 nm form the RhB elserved. However, the 581
nm emission peak of the RhB was not observed obiyotor the RhB on the
NaYF5Yb*" Er*/Q substrate. The direct contact between the Au &RERhB can
influence the luminescence of RhB, which can resuthe luminescence quenching
or enhancement. In present work, the luminescemdeamreement of RhB was

observed. If the luminescence enhancement of Rhi®ms the influence of Au NPs,

the decreasing of green UC emission cannot obsewidd increasing the RhB
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concentration, which is inconsistent with the resuTlherefore, the influence of the
direct contact between the Au NPs and RhB on tmeinescence quenching or
enhancement of RhB can be removed. The green USsemiis overlapped with the
absorption of RhB, which demonstrated the energgsfier from the NaYfYb**
Er* NPs to the RhB can occur. Therefore, the greenedtssion intensity was
decreased because of the energy transfer from alvé&\rb>*, EF** NPs to the RhB.
The UC emission enhancement of Na¥b>*, EF* NPs induced by the Au/OPC-III
hybrids enhance improve the energy transfer frony®arb®*, EF* NPs to RhB.
Thus the 581 nm emission of the RhB was observethéoRhB on the NaY£Yb*,
Er**/Au/OPC-III hybrid in contrast to the Na¥fYb**, EF*/Q substrate.

The green UC emission intensity of the Na¥®>*", EF* NPs on the Q and
AuU/OPC-III hybrid substrates are shown in Figurgd)land (d) as the function of the
RhB concentration, respectively. For the Na¥B**, EF* NPs on the Q substrate,
the linear relationship coefficient o ®f the green UC emission intensity is 0.975
with the RhB concentration from 0 to 0.875 mM ahd sensitivity is 0.033M™.
The linear relationship coefficient of highef & the green UC emission intensity of
NaYF:Yb*, EF* NPs on the Au/OPC-III hybrids is 0.997 with a sévisy of 1.15
uM™, The results suggested that the NaXiPs with the UC emission as a solid-state
sensor can be used for detecting RhB. The UC emnissihancement of NPs caused
by Au/OPC-III hybrids improve the detection sensiyi of RhB. For the sensor, the
limit of detection (LOD) is one of the essentialnsiag parameters besides the

sensitivity [33, 34]. The LOD can be expressedh®y3s/m equation, where the s and



368

369

370

371

372

373

374

375

376

377

378

379

m is the standard deviation and the slope of lio&ted by the ratio of luminescence
intensity of acceptor (RhB) to that of donor(Naywb>* Er**) [17, 35], respectively.
For the RhB on the NaYFYb**, EP'/Q substrate, there was no the 581 nm emission
of the RhB. Therefore, the LOD could not be obtdin€or the RhB on the
NaYF::Yb*, EF*/Au/OPC-III hybrid, the 581 nm emission intensitytbe RhB was
increased with the increasing of RhB concentratidre result means that the NayYF
NPs on the Au/OPC hybrid is beneficial to deteat fRhB. To obtain the LOD
parameter, the ratio of 581 nm emission intensiy)(RhB to the 545 nm green UC
emission intensity €ks) is calculated as the function of the RhB conedidn on the
Au/OPC-III hybrid as shown in Figure 11 (e). They/lIsssratio was increased with
RhB concentration increasing from 0.175 to 0.875 raiMl show the good linear

relationship. The LOD is calculated as the LG4
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Figure 11. the UC emission of NaY¥b**, E* NPs deposited on the Q (a) and Au/OPC-IlI
substrates (b) as the function of RhB concentratorresponding linear relationship of green UC
emission intensity with the increasing of RhB cantcation on the Q (c) and Au/OPC-IlI substrate
(d); the calibration curve ofdy/Is45 versus RhB concentration on NayA&u/OPC-III hybrid (e);
the stability curves of RhB/NaY,/Au/OPC-III hybrid (f).

For the RhB detection, it is necessary to investighe photo-stability of the
sensor. Figure 11 (f) is the changing of green URission intensity of

RhB/NaYR/Au/OPC-IIl as the function of the time under tletnuous illumination
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of a 980 nm laser. The green emission intensif/ratn is denoted as 1. It is clear that
the green UC emission intensity is not more tha®5 lunder the continuous
illumination of a 980 nm laser for 1 h, exhibitittge unchanging. The result indicated
the NaYR NPs/Au/OPC-IIl hybrid is stable as a solid-stasnsor of the RhB
detection, which may be used for the detecting RhBater or food.
Conclusions

The hybrids constructed with the Au NPs and Sipal photonic crystals were
prepared through a simple approach. NaYB**, EP* NPs were deposited on the
surface of Au/opal hybrids. The influence of cooglimetal NPs with photonic
crystals on the UC luminescence of Na¥*, EF** NPs has been investigated. The
enhanced UC emission of Na¥¥b*", E* NPs excited at 980 nm can be observed
based on the coupling of Au NPs and photonic clyst@and the maximum UC
emission enhancement was about 17-fold. The UCnestgence enhancement on the
Au/OPC hybrid mainly arise from the enhancementex¢ited electric field. The
NaYF,; UC luminescence NPs can served as a solid-stasoiséo detect the RhB
through the change of UC emission intensity of NaYB**, EF** NPs. Comparing
with the pure NaYEYb®*, EF* NPs, the sensor of NaY®¥b*", EF* NPs on the
Au/OPC hybrid was improved, existing a low detettionit of 164 uM and a high
sensitivity of 1.15uM™. For the NaYEYb*, EF* NPs deposited on the Au/opal
hybrids, the detection sensitivity of RhB was irased by about 35-factors.
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Highlights

1.The Au nanoparticles/opa photonic crystal hybrid was prepared by sintering
method.

2.Upconversion emission enhancement of NaYF,; nanoparticels has been largely
improved.

3.The detection of Rhodamine B by NaY F,:Y b*, Er** nanoparticles was realized.
4.The sensor sensitivity of NaY F, on the Au nanoparticles/opal hybrid was increased.



