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Abstract
Anorganic-inorganic hybrid nanoparticle (HNPs) composed of Sm(TTA)3Phen, a coordination
compound, andNaY0.78Er0.02Yb0.20F4, an upconversion nanoparticles (UCNPs), has been developed
and used forH2O2 sensing application.Herein, Sm(TTA)3Phen absorbs ultraviolet (UV) light and
givesfluorescence in yellow-red-near infrared (NIR) region.Whereas, theUCNPs absorbNIR
radiations (980 nm) and consequently emit in green-red region through photon upconversion
process. Two important optical phenomena are observedwhenHNPs are simultaneously excitedwith
UV (266 nm) andNIR (980 nm) laser radiation- (i) an energy transfer from Sm3+ to Er3+ ions, and
(ii) color tunable emission from red to green, if the power of 980 nm laser is varied. Further, the
material is highly competent to senseH2O2 throughfluorescence quenching of Sm

3+ emission in
presence ofH2O2. The nature of quenching is conspicuously different for different concentration/
volume range ofH2O2. For lower volume range, the rate of decrease of emission/excitation intensity is
linear, while for higher volume range the decay in intensity is exponential. The attainedminimum
detection limit forH2O2 is 2μl, which is significant for sensing applications.

1. Introduction

Development of intense and tunable source of light is of fundamental importance in photonics for different
technological applications. This permits one to carry out variousmeasurements without disturbing the source
and experimental setup. Such tunable light sources are frequently used in bio-medical sensing and industrial
applications also [1–6]. A large variety of dye lasers, both in pulse and continuousmode, are alreadywell known
sources for tunable emission.However, these sources have limited tunability of only fewAngstroms.Diode
lasers also are the sources which are used for tunable emission but again they are tunable only upto
100Angstroms. In this work, we have reported a hybridmaterial which gives us tunable radiation in between
500–700 nm spectral region both through normalfluoresce and photon upconversion process. Rare-earth (REs)
are the activematerial formulti-color luminescence.

The unique and specific property of some trivalent REs (Er3+, Tm3+, Pr3+, Tb3+ andHo3+) is to absorb two
ormore low energy photons via the involvement of realmetastable states and thereafter consequently emit high
energy photons. This process is termed as upconversion (UC) process [7–14]. TheUCprocess is only feasible in
REs. In addition to this,many of the REs have energy levels to absorb near infrared (NIR) photons perfectly
matchingwith 980 nmdiode laser [15–18]. One potential element in these REs is Yb3+ ion, which absorbs
980 nmphotons very efficiently (more than ten times as compared to any other REs)due to large absorption
cross-section. Itmay transfer its excitation energy to the resonant energy levels of other REs (e.g. Er3+, Tm3+,
Pr3+, Tb3+ andHo3+) and act as a sensitizer [19–21]. Thus, Yb3+ ions are used as co-dopant with other REs for
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efficient UC luminescence. Further, optical properties of REs dopedmaterials depend on local crystalfield
symmetry and hence on crystal structure, particle size and phase of the hostmaterial also [22–26]. In this work,
NaY0.78Er0.02Yb0.20F4 is chosen forUC emission due to its highest quantum yield reported so far in the literature
[27]. The emitted radiation of the active ion Er3+ liesmainly in green-red region.

REs basedβ-diketonates coordination compounds absorb ultraviolet (UV) and blue photons extensively
through singlet state electronic transitions as due to presence of large number ofπ-electrons in the organic
ligands. The absorbed energy of ligand in singlet state is transferred to its triplet states through intercross
relaxation process. Thereafter, in the next step, it is resonantly transferred to the resonant energy states of REs,
fromwhere, intense and sharp emissions of REs are observed. This process of energy transfer is termed as
sequential or cascade energy transfer [28–32]. In this work, aβ-diketonate Sm(TTA)3Phen (STP) is chosen as it
gives intense red emission of Sm3+ ion through normal photoluminescence process. TheTTA andPhen ligands
absorbUV-blue radiation via their singlet states (S1 and S2) and transfer it to their triplet states and finally to
resonant and long lived energy states of Sm3+. The excited Sm3+ gives one transition in green region (562 nm)
and three transitions (609 nm, 646 nmand 714 nm) in yellow-red region inwhich emission peaking at 646 nm
exhibits the highest intensity. Thus, the developed hybridmaterialmay give emission ranging from green region
to extreme red region (520–720 nm) under different source of excitations.

The unique photo-physical properties ofHNPs furthermotivate us to extend this work for sensing of
reactive oxygen species (ROS), particularly hydrogen peroxide (H2O2). Hydrogen peroxide (H2O2) is one of the
principalmembers of reactive oxygen species (ROS) and affects biological systems significantly, used in
industries, pharmaceuticals and other fields, etc [33–39]. H2O2 is also present in atmosphere in small content. In
addition to this, H2O2 is also a byproduct of the reactions catalyzed by large number of oxidase enzymes, where
the oxidase enzyme convertsH2O2 intowater and oxygen [37]. In past three decades, different elegant
spectroscopic, electrochemical and enzymatic approach based techniques have been used for the detection of
H2O2 [38–44].

In this work, theH2O2 sensing application has been carried out using spectroscopic (fluorescence)
technique, inwhich thefluorescence intensity ismeasured and plotted as a function of different volume/content
ofH2O2. TheH2O2 volume dependent variation in luminescence intensity, linear for low volume and
exponential for high volume, is unique by anyfluorophore and first time reported in this work.

2.Materials andmethods

2.1.Materials
Erbiumoxide (99.999%), yttriumoxide (99.99%), ytterbiumoxide (99.998%), samariumoxide (99.99%),
2-theonyltrifluoroacetone (TTA) (99.9%), 1–10 phenonthroline (Phen) (99%) andODE (90%) are purchased
fromAlfa Aesar.While,methanol, sodiumhydroxide, ammonium fluoride, diethyl ether AR, cyclohexaneGR
and oleic acidwere purchased fromFisher scientific. Ethanol was Purchas fromMerckGermany. These
chemicals are used as such for synthesis without further processing or purification.

2.2. Synthesis
2.2.1. Synthesis of NaY0.78Er0.02Yb0.2F4
The synthesis of Er3+ andYb3+ dopedNaYF4UCNPswere carried out by using thermal decomposition
technique. The detailed synthesis process is reported in our earlier reports [45, 46].

2.2.2. Synthesis of Sm(TTA)3Phen coordination compound
The synthesis of STPwas carried out using solution cast technique [29]. The SmCl3.6H2Owas prepared by
dissolving samariumoxide intominimal amount of concentrated hydrochloric acid. TTA (6mmoles), Phen
(2mmoles) and 8ml of 1N solution ofNaOHwere dissolved in ethanol and a homogeneous solutionwas
prepared. (2mmoles) of SmCl3.6H2Owas dissolved in 10ml of distilledwater and then added to the former
solutionwith a constant stirring for better reaction. Awhite color precipitate of Sm(TTA)3Phen complexwas
formed. The precipitate was further washedwith distilledwater for four times and dried in oven at 40 °C.

2.2.3. Synthesis of hybrid nanophosphor (HNPs)
The Sm(TTA)3Phen andNaY0.78Er0.02Yb0.20F4 weremixed in cyclohexane in equalmolar ratio under a constant
stirring forfive hours. Themixture is then centrifuged for 1 h in order to get well developedHNPs. TheHNPs
was then dried in oven at 40 °C for ten hours.
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2.3. Characterization
X-ray diffraction (XRD) patterns ofUCNPs, STP, andHNPsweremeasured using X-ray diffractometer (Model
No:Miniflex-II, Rigaku, Japan)withCuKα radiationλ=1.5406Å. The transmission electronmicroscope
(TEM) and the high resolutionTEM images were recorded using an FEI, Tecnai G2, S-Twin instrument
operating at 200KV. Fourier transform infrared (FTIR) spectra were recorded using Perkin-Elmer frontier
FTIR spectrometer-35 in the spectral range 400-4000 cm−1. TheUV–vis-NIR absorption spectra of these
samples were recorded in the range 200-1100 nmusing Perkin Elmer, Lambda 750 spectrophotometer.
Photoluminescence excitation, emission, lifetimemeasurements were performed byfluorescence spectrometer
(Model no: FL-3-11Horiba Jobin Yvon) equippedwith 25Wpulsed xenon (Xe) lamp, 450WCWXe lamp and
PMTdetector (modelNo: FL-1073). TheUC emission spectra were recorded by using 980 nm (CW, 2W, power
tunable) diode laser as an excitation source and a dispersingmonochromator (Model no: iHR320,Horiba Jobin
Yvon) attachedwith a PMT (Model no.1424M) as a detector.

3. Results and discussion

3.1. Transmission electronmicroscopy (TEM) and x-ray diffraction (XRD) analysis
TEMmeasurements ofUCNPs andHNPs are carried out to observe themicrostructure and particle size.
Figure 1(a) shows the TEM image ofUCNPs at 100 nm scale bar. Average size of the particles is found in the
range of 10–15 nm. Figure 1(b) shows the TEM image ofHNPs and it clearly depicts that, theUCNPs are fairly
dispersed in STP and forms a sheet like structure. The inset offigure 1(a) shows the selected area electron
diffraction (SAED) pattern ofUCNPs. The SAEDpattern shows four rings and these rings corresponds to
(1,1,1), (2,0,0), (2,2,0) and (3,1,1)planes ofNaYF4 crystal in face centered cubic phase. Phase of theNPs have
been further verified usingXRD analysis also.

Figure S1 is available online at stacks.iop.org/MRX/7/056201/mmedia shows theXRDpattern ofUCNPs,
STP andHNPs. TheXRDpattern of UCNPsmatches well with the face centered cubic phase ofNaYF4 crystal
with lattice parameters a=b=c=5.448Å (JCPDFfile no. 06-0342). The calculated d-spacing fromSAED
patternmatches well for the inter-planner separation between the (1,1,1), (2,0,0), (2,2,0) and (3,1,1) planeswith
JCPDFfile no. (06-0342). Crystallite size has also been calculated by usingDebye Scherer’s formula [47, 48].
Average crystallite size is found to be 7.9 nmwhich is in accordancewith TEMmeasurements.

3.2. Absorption spectra of solidUCNPs, STP andHNPs
Absorption spectra of solidUCNPs, STP andHNPs are recorded in the range from200-1000 nmand are shown
infigure 2. The absorption spectrumofUCNPs shows no peaks inUV and visible region, although aweak
absorption band is observed inNIR region around 980 nm (as shown in the inset offigure 2). The host
absorption band due toNaYF4 lies at higher energywhile the peaks due to Er

3+ do not appear due to low
absorption cross-section. On the other hand, the absorption spectrumof STP shows two intense absorption

Figure 1. (a)TEM image ofUCNPs at 100 nm scale bar (b)TEM image ofHNPs at 100 nm scale bar. SAEDpattern ofUCNPs is shown
in inset.
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bands peaking at 273 nmand 390 nm. The intense absorption band at 390 nm is due toπ→π* electronic
transition (S0→S1) of TTAwhile broad absorption band at 273 nmprobably arises due to overlapping of
π→π* electronic transition (S0→S1) of phen and n→π* electronic transition (S0→S2) of TTA [28].

The absorption spectrumofHNPs contains peaks both due toUCNPs and STP, and shows strongUV
absorption due to STP andweakNIR absorption due toUCNPs. The absorption intensity of bands remains
almost unaltered as comparedwith STP andUCNPs. This also suggests that, both the constituent inHNPs are
not interacting strongly. So, it is expected that the constituent particles ofHNPs are entangled throughweak
forces, like Vanderwall interaction, similar to compositematerials [45, 46].

3.3. Photo-physics, decay dynamics and energy transfer in coordination compound STP
Figure 3(a) shows emission spectra of STP andHNPs under 390 nm excitations. The emission spectrumof STP
on excitationwith 390 nm radiation shows emission bands at 562, 609, 646 and 706 nmwhich are assigned due
to 4G5/2→6H5/2,

4G5/2→6H7/2,
4G5/2→

6H9/2 and
4G5/2→6H11/2 transitions of Sm

3+ ion, respectively.
Among all these transitions, 4G5/2→6H9/2 transition peaking at 646 nm ismost intense and sharpwhich is
responsible for the characteristic red emission of STP complex [29]. The excited Sm3+ ions in different states
relax down to 4G5/2metastable state by non-radiative relaxation process. The emission intensity ismaximum
under the 390 nm excitation due to combined effect of energy transfer from ligand to Sm3+ ion and a direct
excitation of Sm3+ ions. The spectral lines also show Stark’s components which indicate that Sm3+ ions are
surrounded by ligand. The similar emission spectrum is observed inHNPs also, only emission intensity varies
slightly.

The decay curve of 4G5/2→6H9/2 transition corresponding to 390 nmexcitation for STP andHNPs are
shown infigures 3(b), (c). The lifetime of 4G5/2 levels of Sm

3+ ion in STP and inHNPs are found to be 66μs and
71μs, respectively. The lifetime inHNPs is slightly higher. Itmay be due toweakVanderwall interaction and
reduction in high frequency vibrational bands (figure S2 shows the FTIR spectra ofUCNPs, STP andHNPs. The
detailed analysis ismentioned in supplementary section). The emission spectra and the lifetime can be explained
by using the partial energy level diagram shown infigure 4. In coordination compounds, the energy transfer
fromorganic ligands to lanthanide ions is termed as ‘antenna effect’.

In the present case, energy is transferred fromTTA and phen ligands to Sm3+ ions [28]. It is obvious from
figure 4 that theUVphotons are initially absorbed by TTA and Phen through their singlet electronic states. The
energy transfer from ligand to Sm3+ ionsmay occur in different ways- (i) electronically excited level of phen (S1)
is very close to S2 state of TTA. Thus a transfer of energy fromphen singlet S1 to TTA singlet S2may occur. The
energy fromS2 level of TTA subsequently relaxes to S1 energy level of TTA via internal conversion (IC). The TTA
thenmay transfer its energy to Sm3+ ions (via singlet level or triplet level of TTA to Sm3+ ion), (ii) It is also
possible that, phen is excited to singlet S1 via S0→S1 absorption and then relaxes nonradiatively to its triplet

Figure 2.Absorption spectra of UCNPs, STP andHNPs. Absorption spectrumdue to Yb3+ (2F7/2→2F5/2) ofUCNPs andHNPs in
NIR region is shown in the inset.
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Figure 3. (a)Emission spectra of STP andHNPs under 390 nm excitation, and (b), (c) Lifetimemeasurements of STP andHNPs for
the emission line at 646 nm (λexc=390 nm) corresponding to 4G5/2→6H9/2 transition of Sm

3+.

Figure 4.Partial energy level diagram showing possible pathways involved in energy transfer between ligands (Phen andTTA), ligands
to Sm3+ and transitions of Sm3+ ion in STP complex.
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state. The triplet level of phen transfer its energy to triplet level of TTA and finally to Sm3+ ions. The ligand TTA
excited to S1may also transfer its energy to triplet of TTA, via inter-crossing system (ISC). Then theTTA triplet
levelfinally transfers the energy to Sm3+ ions. Thereon the different transitions of Sm3+ are observed.

3.4. Upconversion emission
TheUCemission has beenmonitored by using 2W tunable continuouswave 980 nmdiode laser as a source of
excitation. It is found that STP gives noUCemission. On the other hand,UCNPs andHNPs give intenseUC
emission. The upconversion emission spectra ofUCNPs andHNPs are shown infigure 5(a). The emission bands
are observed at 521, 540 and 649 nmcorresponding to 2H11/2→4I15/2,

4S3/2→4I15/2 and
4F9/2→4I15/2

transitions of Er3+ ions, respectively. The red emission at 650 nm is relatively weak than the green emission
bands. It is important to notice that, all the emission bands show Stark components which suggest a high electric
field of hostmaterial on the Er3+ ions. The energy levels of the sensitizer Yb3+, activator Er3+ and upconversion
mechanism is shown infigure 5(b).

There are two processes responsible forUC emission, excited state absorption (ESA) of Er3+ and energy
transfer fromYb3+ to Er3+ ion. In ESAprocess, Er3+ ions absorb pumpphotons (980 nm) and are promoted to
excited state 4I11/2. Some of the excited Er3+ ions in 4I11/2 levelmay relax and populate low lying 4I13/2 level.
Now, population in 4I13/2,

4I11/2 absorbs another photon and are promoted to 4F9/2 and
4F7/2 levels in presence

of laser excitation. The ions in the 4F7/2 excited state further relax nonradiatively to themetastable states 2H11/2

and 4S3/2 which ultimately decay to ground state and gives green emission. Similarly, the red transition is
observed from 4F9/2 level. The levels

4I11/2,
4F7/2 are also populated froman energy transfer of Yb3+ to Er3+, as

shownonfigure.
The number of photons involved in a particular UC luminescence process can be given a.s [49, 50].

( )=I CP . 1n

Where Iuc is theUC luminescence intensity, C is the constant related tomaterial; P is the pumppower of the laser
and n is the number of photons involved to produce theUC luminescence. The ln-ln plot ofUC emission
intensity versus pumppower ofUCNPs andHNPs are shown infigures 5(c) and (d), respectively. The calculated
values of n are found to be 2.3 and 2.4 corresponding to 520 nmand 650 nmemissions forUCNPs.While in

Figure 5. (a)Upconversion emission spectra ofUCNPs andHNPs. (b)Energy level diagramof Er3+ andYb3+ explaining
upconversion process. (c)Power dependence plot for different transitions ofUCNPs. (d)Power dependence plot ofHNPs.
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HNPs, the value of n is 2.3 and 2.2 for 520 nmand 650 nmemissions, respectively. This also supports our
proposedmechanism of two photon upconversion process for green and red emission.

3.5. Simultaneous excitation of Sm3+ and Er3+

The emission spectrumofHNPswasmonitored by focusing two excitation (266 nmand 980 nm, both by laser
source) collinearly on the sample simultaneously also. Figure 6 shows the emission spectra of theHNPs
monitored by exciting the samplewith 980 nmand 266 nm individually and then simultaneously. TheUC
spectrum (λexc=980 nm) gives characteristic emission bands of Er3+ as explained above. Similarly,
photoluminescence emission spectrum (λexc=266 nm) gives characteristic emission bands of Sm3+. However,
the emission spectramonitoredwith 266 nm+980 nmexcitations show twonew optical effects- (i) an energy
transfer fromSm3+ to Er3+, and (ii) a strong and broad red emission at about 650 nm.

Thefirst effect is based on the fact that, the emission intensity of Er3+ is increasingwhile the emission
intensity of Sm3+ is decreasing upon excitation ofHNPswith two lasers simultaneously. Particularly, emission
intensity of 4S3/2→4I15/2 transition of Er

3+ (at 540 nm) increases while emission intensities of 4G5/2→6H5/2

and 4G5/2→6H7/2 transitions of Sm
3+ (at 562 nmand 609 nm, respectively) decrease. In fact emission intensity

due to 4G5/2→6H5/2 transition (at 562 nm) almost diminishes. The 4G7/2 state of Sm
3+ is close with the 4F7/2

level of Er3+, thus the energy transfer fromSm3+ to Er3+ seems possible (as shown infigure 7). Further, the
second effect is observed in the view of combined intensity of emission due to 4G5/2→6H9/2 transition of Sm

3+

and 4F9/2→4I15/2 transition of Er
3+. Thus, the strong red emission is due to the overlapped emission band of

both Sm3+ andEr3+under dual excitation.
The hybridmaterial promises the color tunability in the range from520 nm to 660 nmwith laser excitation

power. TheCIE diagram shown infigure 8 indicates that theHNPs shows the pure red emission under 266 nm
exciation.Now, if we increase the power of 980 nmdiode laser (keeping 266 nm laser power fix) theHNPs shows
the tunable colour frompure red, yellowish to pure green color [51, 52]. Variation of color coordinate with
different laser power is given in table 1.

3.6. Application ofHNPs as sensor forH2O2

In order to realize a sensor forH2O2,firstly, theHNPswere dissolved in cyclohexane keeping concentration of
solutionmaintained at 10-5M. Then, different volume/content (starting from2μl) ofH2O2 (in step of 2μl, upto
58μl)were added to 10ml ofHNPs solution. Presence ofH2O2 inHNPs highly affects both excitation aswell as
emission intensity of Sm3+ and thus bothmay be used as parameter to probe the sensitivity. Figure 9 shows
excitation spectra (λems=645 nm) ofHNPs as a function ofH2O2 content. It clearly depicts that, intensity of
the excitation band decreases on increasing the contents ofH2O2. Plot of excitation intensity versusH2O2

contents shows two clearly distinct patterns. Thefirst pattern is observed for upto 28μl content ofH2O2

Figure 6.Emission spectra of theHNPsmonitoredby exciting the samplewith 980nmand266nmindividually andwith 266nm+
980nmsimultaneously.
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(figure 9(a)) that shows aminimumof 2μl ofH2O2 content can be sensedwith resolved excitation intensity. The
rate of intensity drop in this regime is slow and it shows almost a linear behavior (figure 9(c)). The second type of
pattern is observed for theH2O2 content beyond 28μl upto 58μl (figure 9(b)). The rate of intensity drop in this
content range is very fast and shows exponential decay behavior (figure 9(d)).

Themeasurement was repeated and the result remains unaltered. The sensitivity (s) of linear region can be
calculated using the slope of the straight line and can be expressed as-

( )=
D
D

s
I

I c.
. 2

Where,ΔI is the change in intensity, I is the intensity at zeroμl content ofH2O2 andΔc is the change in the
volume ofH2O2. Sensitivity for linear part thus calculated is found to be 2.95% signal decrease perμl ofH2O2

addition, which is quite high for sensing purpose.

Figure 7.Partial energy level diagram showing the different pathways for energy transfer from Sm3+ (of coordination compound STP)
to Er3+ ions (ofUCNPs) inHNPs.

Figure 8.CIE chromaticity diagram forHNPs under dual excitation (266 nm+980 nm) is showing a variation of color coordinates
under the variation of 980 nm laser input power.
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Figure 10(a) shows the emission spectra (λexc=368 nm) ofHNPs as a function ofH2O2 content.
Fluorescence intensity of all the emission bands (562 nm, 602 nmand 645 nm) of Sm3+ gradually decreases and
at higher contents (>42μl), all the emission band almost disappear. This suggests a quenching of emission
intensity due to addition ofH2O2. Two reasons for this type of quenching are possible. Thefirstmechanism
proposes that, H2O2may heterolytically break intoH2O andO2 onUV light exposure (368 nmexcitation).
Since, vibrational frequencies ofH2O is very high (1885 cm−1 forH-O-Hbendingmode and 3506 cm−1 forO-H
asymmetric stretchingmode), it causes fast non-radiative relaxations, resulting in a decrease in radiative
emission. As the content ofH2O2 increases water content also increases that causes non-radiative relaxations
and the radiative emission disappears. The secondmechanismproposes that, the presence ofH2O2 changes the
environmental symmetry around Sm3+ ions and therefore emission intensitymay also decrease.

The plot of emission intensity versusH2O2 content (figures 10(b)–(g)) for all the three emission peaks
(562 nm, 602 nmand 645 nm) of Sm3+ also shows two clearly distinct patterns as it was observed in case of
excitation. At lower contents (<22μl), it shows a linear decay behavior while for the higher contents it shows an
exponential decay behavior. The sensitivity for 562 nm, 602 nmand 645 nmpeaks calculated using equation (1)
for lower content region is 2.89%, 3.47% and 3.55% signal reduction perμl ofH2O2, respectively. Thus the

Table 1.Variation of CIE color coordinates under the variation of 980 nm
laser power.

S.No. laser power (mJ) laser power (mW) Color co-ordinate (X, Y)
λexc=266 nm λexc=980 nm

1. 300 0 (0.49,0.39)
2. 300 300 (0.47,0.38)
3. 300 350 (0.44,0.43)
4. 300 400 (0.40,0.48)
5. 300 450 (0.36,0.52)
6. 300 500 (0.36,0.55)
7. 0 500 (0.31,0.58)

Figure 9.Excitation spectra (forλems=645 nmof Sm3+) ofHNPs as a function ofH2O2 content- (a)H2O2 content in range 0–28μl,
and (b)H2O2 content in range 28–58μl. Similarly, excitation intensity plot as a function ofH2O2 content showing- (c) a linear
behavior forH2O2 content in range 0–28μl, and (d) exponential behavior forH2O2 content in range 28–58μl.
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fluorescence quenching could be an excellent and effective way to realizeH2O2 sensing application both through
excitation and emissionmodes. Additionally, this technique specifies that, the content ofH2O2 in the test sample
is high or low.We also tried to probeH2O2 throughUCemissionmode.However, sinceUC is a non-linear
process, UC emission decreases very fast and fades up at very low content ofH2O2. This limits the use ofUC
mode ofHNPs for sensing application ofH2O2.

4. Conclusion

Photophysical properties, energy transfer studies andH2O2 sensing application have carried out using an
organic-inorganic hybrid nanoparticles (HNPs) composed of Sm(TTA)3Phen andNaY0.78Er0.02Yb0.20F4. It is a
dualmode emitting (both through photoluminescence and photon upconversion) and color tunablematerial.
TheHNPs shows an energy transfer fromSm3+ of coordination compound to Er3+ of inorganicNPs on exciting
thematerial with 266 nmand 980 nm lasers simultaneously. Presence ofH2O2 in the solution ofHNPs (in
cyclohexane) quenches the excitation and emission intensity of Sm3+ significantly. This property has been used
for sensing ofH2O2with its specificity for lower and higher content ofH2O2. For lower contents, the rate of
decrease in emission (as well as excitation) is slow and shows a linear behavior, while it is very fast for higher
contents and shows exponential behavior. The sensitivity has also been calculated for the linear regionwhich is
reasonably good. Such low costHNPsmay find vast applications in different areas ranging from sensors to
photonics to biomedical.

Figure 10. (a)Emission spectra of Sm3+ (forλexc=368 nm) inHNPs as a function ofH2O2 content. (b)–(g) show the emission
intensity plot for 562 nm, 602 nmand 645 nmpeaks as a function ofH2O2 content in low (0–22μl) and high content (>22μl) range of
H2O2. Plot shows linear decay behavior for low contentwhile it’s decay behavior is exponential for higher contents.

10

Mater. Res. Express 7 (2020) 056201 AKumar et al



Acknowledgments

AKacknowledgesUGC, India for the award of JRF fellowship. Prof. SBRai acknowledgesUGCBSR (project no.
F.18-1(84)/2015(BSR)) andDrABahadur acknowledges toDST, SERB-Empowerment andEquity
Opportunities for Excellence in Science scheme (File no. EEQ/2017/000757) forfinancial assistance.

ORCID iDs

PraveenKumar Shahi https://orcid.org/0000-0002-4020-1187
Amresh Bahadur https://orcid.org/0000-0002-3216-9973
Sunil Kumar Singh https://orcid.org/0000-0002-1028-6255
ShyamBahadur Rai https://orcid.org/0000-0002-6321-1038

References

[1] DengR,Qin F, ChenR,HuangW,HongMand LiuX 2015Temporal full-colour tuning through non-steady-state upconversionNat.
Nano. 10 237–42

[2] WangC, ZhouT, Jiang J, GengH,Ning Z, Lai X, Bi J andGaoD2017Multicolor tunable luminescence based onTb3+/Eu3+ doping
through a facile hydrothermal routeACSAppl.Mater. Interfaces 9 26184–90

[3] Wang F, XueX and LiuX 2008Multicolor tuning of (Ln, P)‐DopedYVO4nanoparticles by single‐wavelength excitationAngew. Chem.
47 906–9

[4] Liu L, YuM,Zhang J,WangB, LiuWandTangY 2015 Facile fabrication of color-tunable andwhite light emitting nano-composite
films based on layered rare-earth hydroxides J.Mat. Chem.C 3 2326–33

[5] Bedekar V,DuttaDP,MohapatraM,Godbole SV,Ghildiyal R andTyagi AK 2009Rare-earth doped gadolinia based phosphors for
potentialmulticolor andwhite light emitting deepUVLEDsNanotechnol. 20 125707–16

[6] WangM,MiC, Zhang Y, Liu J, Li F,MaoC andXu S 2009NIR-responsive silica-coatedNaYbF4: Er/Tm/Houpconversionfluorescent
nanoparticles with tunable emission colors and their applications in immune-labeling and fluorescent imaging of cancer cellsPhys.
Chem.C 113 19021–7

[7] Boyer J C, Cuccia LA andCapobianco J A 2007 Synthesis of colloidal upconvertingNaYF4: Er
3+/Yb3+ andTm3+/Yb3+monodisperse

nanocrystalsNano Lett. 7 847–52
[8] Heer S, KömpeK,GüdelHUandHaaseM2004Highly efficientmulticolour upconversion emission in transparent colloids of

lanthanide‐dopedNaYF4 nanocrystalsAdv.Mat. 16 2102–5
[9] Cates E L, ChoMandKim JH2011Converting visible light intoUVC:microbial inactivation by Pr3+-activated upconversion

materialsEnviron. Sci. Technol. 45 3680–6
[10] ZhouB, YangW,Han S, SunQand LiuX 2015 Photon upconversion throughTb3+‐mediated interfacial energy transferAdv.Mat. 27

6208–12
[11] Wang L, LanM, Liu Z,QinG,WuC,WangX,QinW,HuangWandHuang L 2013 Enhanced deep-ultraviolet upconversion emission

ofGd3+ sensitized by Yb3+ andHo3+ inβ-NaLuF4microcrystals under 980 nmexcitation J.Mater. Chem.C 1 2485–90
[12] Auzel F 2004Upconversion and anti-stokes processes with f and d ions in solidsChem. Rev. 104 139–73
[13] Auzel F 1990Upconversion processes in coupled ion systems J. Lumin. 45 341–5
[14] Judd BR 1962Optical absorption intensities of rare-earth ions Phys. Revi. 127 750–762.
[15] MatsuuraD2002Red, green, and blue upconversion luminescence of trivalent-rare-earth ion-doped Y2O3 nanocrystalsAppl. Phys.

Lett. 81 4526–8
[16] LuY et al 2014Tunable lifetimemultiplexing using luminescent nanocrystalsNat. Phot. 8 32–6
[17] Meltzer R S, YenWM,ZhengH, Feofilov S P,DejnekaM J, Tissue B andYuanHB2001 Effect of thematrix on the radiative lifetimes of

rare earth doped nanoparticles embedded inmatrices J. Lumi. 94 217–20
[18] Boyer J C, Vetrone F, Capobianco J A, Speghini A andBettinelliM 2004Yb3+ ion as a sensitizer for the upconversion luminescence in

nanocrystalline Gd3Ga5O12:Ho3+Chem. Phy. Lett. 390 403–7
[19] MahalingamV,Vetrone F,Naccache R, Speghini A andCapobianco JA 2009Colloidal Tm3+/Yb3+-doped LiYF4 nanocrystals:

multiple luminescence spanning theUV toNIR regions via low-energy excitationAdv.Mat. 21 4025–8
[20] GavrilovićTV, JovanovićD J, Lojpur VM,ĐorđevićV andDramićaninMD2014 Enhancement of luminescence emission from

GdVO4: Er
3+/Yb3+ phosphor by Li+ co-doping J. Solid State Chem. 217 92–8

[21] Li X, Zhang F andZhaoD 2015 Lab on upconversion nanoparticles: optical properties and applications engineering via designed
nanostructureChem. Soc. Rev. 44 1346–78

[22] Schietinger S,Menezes LD S, Lauritzen B andBensonO2009Observation of size dependence inmulticolor upconversion in single
Yb3+, Er3+ codopedNaYF4 nanocrystalsNano Lett. 9 2477–81

[23] ZhengW,Huang P, TuD,MaE, ZhuHandChenX2015 Lanthanide-doped upconversion nano-bioprobes: electronic structures,
optical properties, and biodetectionChem. Soc. Rev. 44 1379–415

[24] Wang F,Wang J and LiuX 2010Direct evidence of a surface quenching effect on size‐dependent luminescence of upconversion
nanoparticlesAngew. Chem. Int. Ed. 49 7456–60

[25] Li Z andZhang Y 2008An efficient and user-friendlymethod for the synthesis of hexagonal-phaseNaYF4: Yb, Er/Tmnanocrystals
with controllable shape and upconversion fluorescenceNanotechnology 19 1–6

[26] DongH, Sun LD andYanCH2015 Energy transfer in lanthanide upconversion studies for extended optical applicationsChem. Soc.
Rev. 44 1608–34

[27] Boyer J C andVanVeggel FC 2010Absolute quantum yieldmeasurements of colloidal NaYF4: Er3+, Yb3+upconverting nanoparticles
Nanoscale. 2 1417–9

[28] Shahi PK, SinghAK, Singh SK, Rai S B andUllrich B 2015Revelation of the technological versatility of the Eu(TTA)3Phen complex by
demonstrating energy harvesting, ultraviolet light detection, temperature sensing, and laser applicationsACSAppl.Mater. Interfaces 7
18231–9

11

Mater. Res. Express 7 (2020) 056201 AKumar et al

https://orcid.org/0000-0002-4020-1187
https://orcid.org/0000-0002-4020-1187
https://orcid.org/0000-0002-4020-1187
https://orcid.org/0000-0002-4020-1187
https://orcid.org/0000-0002-3216-9973
https://orcid.org/0000-0002-3216-9973
https://orcid.org/0000-0002-3216-9973
https://orcid.org/0000-0002-3216-9973
https://orcid.org/0000-0002-1028-6255
https://orcid.org/0000-0002-1028-6255
https://orcid.org/0000-0002-1028-6255
https://orcid.org/0000-0002-1028-6255
https://orcid.org/0000-0002-6321-1038
https://orcid.org/0000-0002-6321-1038
https://orcid.org/0000-0002-6321-1038
https://orcid.org/0000-0002-6321-1038
https://doi.org/10.1038/nnano.2014.317
https://doi.org/10.1038/nnano.2014.317
https://doi.org/10.1038/nnano.2014.317
https://doi.org/10.1021/acsami.7b07172
https://doi.org/10.1021/acsami.7b07172
https://doi.org/10.1021/acsami.7b07172
https://doi.org/10.1002/anie.200704520
https://doi.org/10.1002/anie.200704520
https://doi.org/10.1002/anie.200704520
https://doi.org/10.1039/C4TC02760D
https://doi.org/10.1039/C4TC02760D
https://doi.org/10.1039/C4TC02760D
https://doi.org/10.1088/0957-4484/20/12/125707
https://doi.org/10.1088/0957-4484/20/12/125707
https://doi.org/10.1088/0957-4484/20/12/125707
https://doi.org/10.1021/jp906394z
https://doi.org/10.1021/jp906394z
https://doi.org/10.1021/jp906394z
https://doi.org/10.1021/nl070235+
https://doi.org/10.1021/nl070235+
https://doi.org/10.1021/nl070235+
https://doi.org/10.1002/adma.200400772
https://doi.org/10.1002/adma.200400772
https://doi.org/10.1002/adma.200400772
https://doi.org/10.1021/es200196c
https://doi.org/10.1021/es200196c
https://doi.org/10.1021/es200196c
https://doi.org/10.1002/adma.201503482
https://doi.org/10.1002/adma.201503482
https://doi.org/10.1002/adma.201503482
https://doi.org/10.1002/adma.201503482
https://doi.org/10.1039/c3tc00936j
https://doi.org/10.1039/c3tc00936j
https://doi.org/10.1039/c3tc00936j
https://doi.org/10.1021/cr020357g
https://doi.org/10.1021/cr020357g
https://doi.org/10.1021/cr020357g
https://doi.org/10.1016/0022-2313(90)90189-I
https://doi.org/10.1016/0022-2313(90)90189-I
https://doi.org/10.1016/0022-2313(90)90189-I
https://doi.org/10.1103/PhysRev.127.750
https://doi.org/10.1103/PhysRev.127.750
https://doi.org/10.1103/PhysRev.127.750
https://doi.org/10.1063/1.1527976
https://doi.org/10.1063/1.1527976
https://doi.org/10.1063/1.1527976
https://doi.org/10.1038/nphoton.2013.322
https://doi.org/10.1038/nphoton.2013.322
https://doi.org/10.1038/nphoton.2013.322
https://doi.org/10.1016/S0022-2313(01)00281-2
https://doi.org/10.1016/S0022-2313(01)00281-2
https://doi.org/10.1016/S0022-2313(01)00281-2
https://doi.org/10.1016/j.cplett.2004.04.047
https://doi.org/10.1016/j.cplett.2004.04.047
https://doi.org/10.1016/j.cplett.2004.04.047
https://doi.org/10.1002/adma.200901174
https://doi.org/10.1002/adma.200901174
https://doi.org/10.1002/adma.200901174
https://doi.org/10.1016/j.jssc.2014.05.009
https://doi.org/10.1016/j.jssc.2014.05.009
https://doi.org/10.1016/j.jssc.2014.05.009
https://doi.org/10.1039/C4CS00163J
https://doi.org/10.1039/C4CS00163J
https://doi.org/10.1039/C4CS00163J
https://doi.org/10.1021/nl901253t
https://doi.org/10.1021/nl901253t
https://doi.org/10.1021/nl901253t
https://doi.org/10.1039/C4CS00178H
https://doi.org/10.1039/C4CS00178H
https://doi.org/10.1039/C4CS00178H
https://doi.org/10.1002/anie.201003959
https://doi.org/10.1002/anie.201003959
https://doi.org/10.1002/anie.201003959
https://doi.org/10.1088/0957-4484/19/34/345606
https://doi.org/10.1088/0957-4484/19/34/345606
https://doi.org/10.1088/0957-4484/19/34/345606
https://doi.org/10.1039/C4CS00188E
https://doi.org/10.1039/C4CS00188E
https://doi.org/10.1039/C4CS00188E
https://doi.org/10.1039/c0nr00253d
https://doi.org/10.1039/c0nr00253d
https://doi.org/10.1039/c0nr00253d
https://doi.org/10.1021/acsami.5b06350
https://doi.org/10.1021/acsami.5b06350
https://doi.org/10.1021/acsami.5b06350
https://doi.org/10.1021/acsami.5b06350


[29] SinghAK, Singh SK, Prakash R andRai S B 2010 Structural and optical properties of Sm(DBM)3Phen doped in poly (methyl
methacrylate)(PMMA): an evidence for cascading energy transfer processChem. Phy. Lett. 485 309–14

[30] Liu L et al 2007 Preparation and luminescence properties of Sm(TTA)3phen/NBR compositesCompos. Sci. Technol. 67 2199–207
[31] Shahi PK, SinghAK, Rai S B andUllrich B 2015 Lanthanide complexes for temperature sensing, UV light detection, and laser

applications Sens. Actuators A Phys. 222 255–61
[32] ZhangR J, LiuHG, YangKZ, Si ZK, ZhuGYandZhangHW1997 Fabrication and fluorescence characterization of the LBfilms of

luminous rare earth complexes Eu(TTA)3Phen and Sm(TTA)3PhenThin Solid Films 295 228–33
[33] Apel K andHirtH 2004Reactive oxygen species: metabolism, oxidative stress, and signal transductionAnnuRev Plant Biol. 55 373–99
[34] Wang S Y and JiaoH2000 Scavenging capacity of berry crops on superoxide radicals, hydrogen peroxide, hydroxyl radicals, and singlet

oxygen J. Agric. FoodChem. 48 5677–84
[35] Halliwell B 1991Reactive oxygen species in living systems: source, biochemistry, and role in human diseaseAm. J.Med. 91 514–522.
[36] JohnAitken R,Clarkson J S and Fishel S 1989Generation of reactive oxygen species, lipid peroxidation, and human sperm function

Biol. Reprod. 41 183–187.
[37] Halliwell B 1992Reactive oxygen species and the central nervous system J. Neurochem. 59 1609–23
[38] Linley E, Denyer S P,McDonnell G, SimonsC andMaillard J Y 2012Use of hydrogen peroxide as a biocide: new consideration of its

mechanisms of biocidal action J. Antimicrob. Chemother. 67 1589–96
[39] Souza SD, J A, RibeiroK, Teixeira AC SC,Magri NTC,Mandro J L and deAguiar CL 2017 Sugarcane juice clarification by hydrogen

peroxide: predictions with artificial neural networks Int. J. Food Eng. 13 2016–0199
[40] Wang L, Zheng J, Li Y, Yang S, LiuC, Xiao Y, Li J, Cao Z andYangR 2014AgNP-DNA@GQDshybrid: new approach for sensitive

detection ofH2O2 and glucose via simultaneous AgNP etching andDNA cleavageAnal. Chem. 86 12348–54
[41] WeiH andWang E 2008 Fe3O4magnetic nanoparticles as peroxidasemimetics and their applications inH2O2 and glucose detection

Anal. Chem. 80 2250–4
[42] Veal EA,DayAMandMorgan BA 2008Hydrogen peroxide sensing and signalingMol. Cell. 2007 26 1–14
[43] Singh P, Shahi PK, Singh SK, SinghAK, SinghMK, Prakash R andRai S B 2016 Lanthanide doped ultrafine hybrid nanostructures:

multicolour luminescence, upconversion based energy transfer and luminescent solar collector applicationsNanoscale. 9 696–705
[44] Shahi PK, Singh P, SinghAK, Singh SK, Rai S B and Prakash R 2017A strategy to achieve efficient dual-mode luminescence in

lanthanide-basedmagnetic hybrid nanostructure and its demonstration for the detection of latentfingerprints J. Colloid Interface Sci.
491 199–206

[45] Cullity BD and Stock SR 2001 Elements of x-ray diffraction (Third Edition) 3 (NewYork: Prentice-Hall)P.N.I.E. Prentice-Hall
[46] Singh P, Shahi PK, Prakash R andRai S B 2017An assembly and interaction of upconversion, and plasmonic nanoparticles on

organometallic nanofibers: enhancedmulticolor upconversion, downshifting emission and the plasmonic effectNanotechnology 28
415701

[47] PollnauM,GamelinDR, Lüthi S R,GüdelHU andHehlenMP2000 Power dependence of upconversion luminescence in lanthanide
and transition-metal-ion systems Phys. Rev.B 61 3337–46

[48] ChenGY, LiangH J, LiuHC, SomesfaleanG andZhang ZG2009Anomalous power dependence of upconversion emissions inGd2O3:
Er3+ nanocrystals under diode laser excitation of 970 nm J. Appl. Phys. 105 114315

[49] Shahi PK, Kumar B, Prakash R andRai S B 2019 Investigation of optical properties and energy transfer in Eu({III}) andTb({III}) based
composite compound dispersed in polar, non-polar solvents and polymermatrixMater. Res. Express 6 046204

[50] Shahi PK, Singh P andRai S B 2017 Sunlight activated lanthanide complex for luminescent solar collector applications: effect of
waveguidematrix J. Phys.D 50 075501

[51] Lippert AR,Van de BittnerGC andChangC J 2011 Boronate oxidation as a bioorthogonal reaction approach for studying the
chemistry of hydrogen peroxide in living systemsAcc. Chem. Res. 44 793–804

[52] GermainME andKnappM J 2008Turn-on fluorescence detection ofH2O2 andTATP Inorg. Chem. 47 9748–50

12

Mater. Res. Express 7 (2020) 056201 AKumar et al

https://doi.org/10.1016/j.cplett.2009.12.057
https://doi.org/10.1016/j.cplett.2009.12.057
https://doi.org/10.1016/j.cplett.2009.12.057
https://doi.org/10.1016/j.compscitech.2005.07.001
https://doi.org/10.1016/j.compscitech.2005.07.001
https://doi.org/10.1016/j.compscitech.2005.07.001
https://doi.org/10.1016/j.sna.2014.12.021
https://doi.org/10.1016/j.sna.2014.12.021
https://doi.org/10.1016/j.sna.2014.12.021
https://doi.org/10.1016/S0040-6090(96)09273-5
https://doi.org/10.1016/S0040-6090(96)09273-5
https://doi.org/10.1016/S0040-6090(96)09273-5
https://doi.org/10.1146/annurev.arplant.55.031903.141701
https://doi.org/10.1146/annurev.arplant.55.031903.141701
https://doi.org/10.1146/annurev.arplant.55.031903.141701
https://doi.org/10.1021/jf000766i
https://doi.org/10.1021/jf000766i
https://doi.org/10.1021/jf000766i
https://doi.org/10.1016/0002-9343(91)90279-7
https://doi.org/10.1016/0002-9343(91)90279-7
https://doi.org/10.1016/0002-9343(91)90279-7
https://doi.org/10.1095/biolreprod41.1.183
https://doi.org/10.1095/biolreprod41.1.183
https://doi.org/10.1095/biolreprod41.1.183
https://doi.org/10.1111/j.1471-4159.1992.tb10990.x
https://doi.org/10.1111/j.1471-4159.1992.tb10990.x
https://doi.org/10.1111/j.1471-4159.1992.tb10990.x
https://doi.org/10.1093/jac/dks129
https://doi.org/10.1093/jac/dks129
https://doi.org/10.1093/jac/dks129
https://doi.org/10.1021/ac503653c
https://doi.org/10.1021/ac503653c
https://doi.org/10.1021/ac503653c
https://doi.org/10.1021/ac702203f
https://doi.org/10.1021/ac702203f
https://doi.org/10.1021/ac702203f
https://doi.org/10.1016/j.molcel.2007.03.016
https://doi.org/10.1016/j.molcel.2007.03.016
https://doi.org/10.1016/j.molcel.2007.03.016
https://doi.org/10.1039/C6NR07250J
https://doi.org/10.1039/C6NR07250J
https://doi.org/10.1039/C6NR07250J
https://doi.org/10.1016/j.jcis.2016.12.034
https://doi.org/10.1016/j.jcis.2016.12.034
https://doi.org/10.1016/j.jcis.2016.12.034
https://doi.org/10.1088/1361-6528/aa8066
https://doi.org/10.1088/1361-6528/aa8066
https://doi.org/10.1103/PhysRevB.61.3337
https://doi.org/10.1103/PhysRevB.61.3337
https://doi.org/10.1103/PhysRevB.61.3337
https://doi.org/10.1063/1.3078814
https://doi.org/10.1088/2053-1591/aafae8
https://doi.org/10.1088/1361-6463/aa4ecd
https://doi.org/10.1021/ar200126t
https://doi.org/10.1021/ar200126t
https://doi.org/10.1021/ar200126t
https://doi.org/10.1021/ic801317x
https://doi.org/10.1021/ic801317x
https://doi.org/10.1021/ic801317x

	1. Introduction
	2. Materials and methods
	2.1. Materials
	2.2. Synthesis
	2.2.1. Synthesis of NaY0.78Er0.02Yb0.2F4
	2.2.2. Synthesis of Sm(TTA)3Phen coordination compound
	2.2.3. Synthesis of hybrid nanophosphor (HNPs)

	2.3. Characterization

	3. Results and discussion
	3.1. Transmission electron microscopy (TEM) and x-ray diffraction (XRD) analysis
	3.2. Absorption spectra of solid UCNPs, STP and HNPs
	3.3. Photo-physics, decay dynamics and energy transfer in coordination compound STP
	3.4. Upconversion emission
	3.5. Simultaneous excitation of Sm3+ and Er3+
	3.6. Application of HNPs as sensor for H2O2

	4. Conclusion
	Acknowledgments
	References



