
This is an Accepted Manuscript, which has been through the 
Royal Society of Chemistry peer review process and has been 
accepted for publication.

Accepted Manuscripts are published online shortly after 
acceptance, before technical editing, formatting and proof reading. 
Using this free service, authors can make their results available 
to the community, in citable form, before we publish the edited 
article. We will replace this Accepted Manuscript with the edited 
and formatted Advance Article as soon as it is available.

You can find more information about Accepted Manuscripts in the 
Information for Authors.

Please note that technical editing may introduce minor changes 
to the text and/or graphics, which may alter content. The journal’s 
standard Terms & Conditions and the Ethical guidelines still 
apply. In no event shall the Royal Society of Chemistry be held 
responsible for any errors or omissions in this Accepted Manuscript 
or any consequences arising from the use of any information it 
contains. 

Accepted Manuscript

Journal of
 Materials Chemistry C

www.rsc.org/materialsC

http://www.rsc.org/Publishing/Journals/guidelines/AuthorGuidelines/JournalPolicy/accepted_manuscripts.asp
http://www.rsc.org/help/termsconditions.asp
http://www.rsc.org/publishing/journals/guidelines/


1

A highly efficient, orange light-emitting (K0.5Na0.5)NbO3:Sm3+/Zr4+

lead-free piezoelectric material with superior water resistance

behavior

Qiwei Zhang1, Ke Chen2, Leilei Wang1, Haiqin Sun 1*, Xusheng Wang3, Xihong

Hao1

1 School of Materials and Metallurgy, Inner Mongolia University of Science and Technology,

7# Arerding Street, Kun District, Baotou 014010, China

2 Key Laboratory for Special Functional Materials of Ministry of Education, Henan University,

Kaifeng 475004, China

3 Functional Materials Research Laboratory, School of Materials Science and Engineering

Tongji University, 4800 Caoyang Road, Shanghai 201804, China

Abstract

Multifunctional luminescent materials based on rare earth doped ferro-/piezoelectrics have

attracted much attention due to their potential applications in novel multifunctional devices.

Currently, it remains a challenge to fabricate these materials with high photoluminescence

quantum yields, comparable to values obtained for traditional phosphors. Herein, we reported a

highly efficient, orange light-emitting material with a superior water resistance behavior based on

a (K0.5Na0.5)NbO3 (KNN) matrix co-doped with Sm3+ and Zr4+. The phase structure, composition,

photoluminescence property, thermal quenching and water resistance behavior of the samples

were systematically studied. A significantly enhanced orange light-emission at 597 nm originating
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E-mail: a8082sz@imust.edu.cn (H. Sun). 2 author contributed equally to this work.
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from the 4G5/2→6H7/2 transition of Sm3+ was observed by the introduction of Zr4+ ions, which can

be well explained by the exchange charge model of crystal field. Particularly we achieve a

photoluminescence quantum yield as high as 53% and superior water resistance property almost

maintaining the same PL intensity as before immersion after 80 h water immersion time for the

composition of (K0.5Na0.5)0.99Sm0.01Nb0.09Zr0.01O3 under 407 nm n-UV light excitation. The QY

value can be comparable to some commercial phosphors, such as Y2O2S/Y2O3:Eu3+. These

findings show great potential of the Sm3+/Zr4+ co-doped KNN material for a future application in

white LEDs and novel multifunctional devices.

Keywords: Luminescent materials; Ferro-/piezoelectrics; Quantum yields; Water resistance
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1. Introduction

Among all lead-free piezoelectric materials, such as BaTiO3 (BT), (Bi0.5Na0.5)TiO3) (BNT) and

their derivatives, (K0.5Na0.5)NbO3 (KNN) is currently one of the most widely exploited materials

since a significant breakthrough made by Saito et al. in 2004, which exhibits an excellent

piezoelectric coefficient (d33) comparable to values obtained for Pb(Zr,Ti)O3.1 Sodium potassium

niobate (KNN) is a solid solution of ferroelectric KNbO3 and anti-ferroelectric NaNbO3 in the

ratio of 1:1 with an A1+B5+O32+ perovskite structure. At room temperature, it has a coexisted

crystal structure with both tetragonal and orthorhombic ferroelectric phases. With increasing

temperatures, it exhibits several phase transitions similar to end member of the solid solution

(KNbO3).2-5 And, these phase transition temperatures can be easily shifted by varying K/Na mole

ratio or chemical doping (A-site and/or B-site substitution), then leading to the movement of the

orthorhombic and tetragonal phase transition temperature toward room temperature (TO-T), known

as polymorphic phase transition (PPT). The presence of PPT favors the enhancement of

piezoelectric properties, for example, Li, Ag, RE(rare-earth elements), and Ba dopants at A-site,

Ta, Sb, Zr, etc. dopants at B-site.6-11 Therefore, the majority of studies on KNN-based ceramics

focus on an enhancement of the piezoelectric property and a practical application in

micro-electronic devices, such as smart sensors, actuators, and piezoelectric transducers etc..12

Along with the intensive development of microelectronic devices toward miniaturization,

light weight, and integration, researchers would like to discover some materials or devices, which

can realize multiple functions. For example, the coexistence of ferromagnetism, ferroelectricity,

and magnetoelectric coupling is observed in magnetoelectric and multiferroic materials.13,14 It is

known that rare earth elements (Lanthanide) are commonly used to fabricate high efficient
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luminescent materials as activator ions, or improve mechanical and electrical properties as

structural modifiers.15,16 In 1997, Diallo et al. reported a strong single red emission (613 nm) at

room temperature in Pr3+-doped CaTiO3 ferroelectric material. Subsequently, the filled

ferroelectric materials with RE ions attracted considerable attention owing to the particular

luminescence, dielectric and ferroelectric properties.17 In 2005, Wang et al. fabricated high

electrostrictive strain, strong mechanoluminescence and electroluminescence material in

Pr3+-doped (1-x)BaTiO3-xCaTiO3 ceramics, which paves the way for developing new

multifunctional materials and high-performance single functional materials.18 Since then,

multifunctional luminescent materials have stimulated an increasing practical interest,

considerable efforts have been made to search for the potentials of rare-earth doped functional

hosts (ferroelectric or piezoelectrics), combining light emission with their intrinsic ferroelectricity,

piezoelectricity, or electro-optic properties, as shown in Fig. 1.19,20

Fig. 1. Schematic illustation of multiple functions of RE-doped ferro-/piezoelectrics.

Nowdays, several studies on RE-doped ferroelectric oxides have been reported, these

experiments show that the simultaneous existence of luminescence and ferro-/piezoelectric

properties may be realized by controlling the host and rare earth-ion dopants.21,22 For example, in

Pr3+-doped KNN host, a dual-enhancement of both the ferro-/piezoelectric and the
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photoluminescence performance can be realized.23 Unfortunately, low luminescence efficiency in

RE-doped ferro-/piezoelectric oxides is up to now still a difficult problem that some researchers

face due to their larger phonon energies. In contrast, traditional phosphors, such as alkaline earth

sulfide/oxysulfide phosphors and nitrides/oxynitrides with low phonon energies are beneficial to

decrease non-radiative relaxation losses and increase the overall metastable energy lifetime,

resulting in high luminescence efficiency (quantum yield > 90%).24-26 To further improve the

luminescence efficiency of RE-doped ferro-/piezoelectric oxides, two important strategies have

been widely adopted: (i) applying electric field, strain, polarization or photons in

ferro-/piezoelectric oxides and (ii) substitution of ions at A site or B site.27-29 So far, achieving

high-efficient RE-doped ferro-/piezoelectric materials to values comparable to traditional

phosphors still remains a big challenge, only a few studies have been reported on this aspect. In

addition, an understanding of luminescence mechanism for high-efficient RE-doped

ferro-/piezoelectric materials would be highly beneficial to materials design and fabrication for

future integrated optoelectronic devices.

Our previous results have shown that KNN is a promising host matrix for luminescent

materials achieved through the introduction of rare earth (RE) ions, due to their superior chemical

stability, successive structural phase transitions, wide band gap and non-linear optical

behavior.30,31 Generally, luminescence coming from 4f-4f transitions of RE ions are both parity

forbidden, whereas the parity selection rules will be broken as RE ions are embedded in low

symmetry hosts, leading to the increase of transition probabilities of energy levels of RE ions.32

Therefore, combining some features of KNN materials mentioned above, it is possible to design

and fabricate highly efficient luminescent ferro-/piezoelectric materials by the introduction of RE
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ions into KNN host. In the present study, we report a highly efficient, orange light-emitting

material based on a (K0.5Na0.5)NbO3 (KNN) matrix co-doped with Sm3+ and Zr4+ ions, and

investigate the more detailed crystal structure, photoluminescence properties, thermal stability, and

its water resistance behavior. The characteristics suggest that the Sm3+/Zr4+ co-doped KNN

material is a promising orange phosphor with superior water resistance behavior for application in

W-LEDs with near-UV-LED chips (380-420 nm), and may have great potential in novel

multifunctional devices.

2. Material and methods

2.1. Sample preparation

(K0.5Na0.5)0.99Sm0.01Nb1-xZrxO3 (abbreviated as KNSNZx, x=0, 0.002, 0.005, 0.008, 0.010, 0.015)

samples were prepared by conventional solid-state reaction techniques. Highly purified metal

oxides or carbonates are used as raw materials: K2CO3 (99%, Alfa Aesar), Na2CO3 (99.5%, Alfa

Aesar), Nb2O5 (99.5%, Alfa Aesar), Sm2O3 (99.99%, Alfa Aesar) and ZrO2 (99.975%, Alfa Aesar).

The weighted powders according to stoichiometric ratio were mixed with ethanol, dried, calcined

at 880 °C for 6 h in air. After the calcination, KNSNZx powders were remixed and then dried.

Subsequently, the dried powders were granulated with 8 wt% polyvinyl alcohol (PVA) binder, and

pressed into disk-shaped pellets with diameter of 10 mm at 100 MPa. The green pellets of

KNSNZx were heated at 550 oC to burn off the PVA. It is known that KNN-based materials are

difficult to density by normal sintering methods due to alkaline volatilization during sintering. So,

in this paper, the green pellets with different compositions were sintered at various temperatures

from 900 to 1200 oC and different holding times from 1h to 10 h to obtain the optimized

processing. The samples were sintered at 1160 oC (x=0), 1170 oC (x=0.002), 1150 oC (x=0.005,
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0.008, 0.010), and 1140 oC (x=0.015), respectively, and held time for 4h.

The sintered pellets were polished to a thickness of 0.5 mm for the measurements of the

photoluminescence (PL) and photoluminescence excitation (PLE) spectra. The quantum yield and

decay samples were prepared using the sintered ceramic powders. The water resistance samples

were fabricated by the following procedure:. The ceramic powder (0.4 g) was dispersed in distilled

water (20 ml) by sonication and magnetic stirring for 20 min, the dispersed powder was placed in

distilled water for 0, 10 h, 20 h, 40 h, 60 h and 80 h, respectively. Afterwards, the mixed powders

were dried at 100 °C.

2.2. Characterization

The sample crystal structure was investigated by powder X-ray diffraction (XRD) analysis (D8

Advanced, Bruker, Germany) with Cu Kα radiation (λ=1.5418 Å). The inductively coupled plasma

atomic emission spectroscopy (ICP-AES) (PROFILE SPEC, Leeman, AMERICA) was adopted to

quantitatively investigate the composition deviation behavior of K and Na in KNN host, 50 mg

samples quantitatively dissolved in 50ml flask (3%HNO3) were used to test the composition

content of samples. The photoluminescence (PL) and photoluminescence excitation (PLE) spectra

of ceramic or powder samples at room temperature were tested by a spectrofluorometer (F-4600,

HITACHI, Japan) with a xenon lamp. The temperature-dependence properties of

photoluminescence samples were measured using a Hitachi F-4600 equipped with a

temperature-controlled chamber (Linkam, THMS600, United Kingdom). The diffuse reflectance

spectra were taken on a UV/Vis spectrophotometer (U-3900, HITACHI, Japan). The quantum

yield and decay curves of the samples were obtained by a combined steady state & time resolved

fluorescence spectrometer (FLS920, Edinburgh Instruments, United Kingdom).
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3. Results and discussion

3.1. Phase structure and composition

Fig. 2 (a) The illustation of KNN with orthorhombic structure at room temperature [Ref. 3], (b)

XRD patterns of KNSNZx ceramics and (c) XRD patterns for the (200) and (020) peaks

from 44o to 47.5o.

The crystal structure of pure KNN at room temperature is an orthorhombic structure with the

space group Amm2, while the perovskite-type ABO3 primary subcell has monoclinic symmetry,

where lattice parameters are am=cm>bm, as illustrated in Fig. 2(a). It is known that the am and cm

axes equal to each other (am=cm), and bm axis is perpendicular to am=cm plane, its interaxial angle

 is almost close to 90o.3 The x-ray diffraction patterns of (K0.5Na0.5)0.99Sm0.01Nb1-xZrxO3 ceramics
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are presented in Fig. 2(b). It can be seen from the Fig 2(b), only a single phase perovskite structure

with orthorhombic symmetry is observed in all KNSNZx samples, which can be indexed by

standard PDF card of KNbO3 (PDF#32-0822), there are no significant differences between

diffraction patterns, similar to some results reported by Lin et al..33 The diffraction peaks of

ceramic samples are slightly shifted to the lower angle side with increasing Zr4+-doped content up

to x=0.01 due to the relatively larger ionic radius of Zr4+ [0.72 Å, CN=6] compared to Nb5+ [0.64

Å, CN=6], resulting in an expansion of KNN cell volumes.34 While, the sample with high Zr levels

show a shift to higher angle due to the occurrence of vacancies, the detailed origin was given in

the following section. This shifting effect can be seen more clearly in the XRD patterns for the

(200/020) characteristic peaks at a 2 of ～45.5o, and the distance of the location of (200) and

(020) is enlarged with the Zr content, indicating that the phase structure transitions occur from

orthorhombic structure to tetragonal structure, as shown in Fig. 2(c). These results also implies

that the Sm3+ and Zr4+ ions have entered into the unit cell of KNN host maintaining the

perovskite-type ABO3 structure. Based on the ionic radius and the ions' charges, we believe that

Zr4+ ions tend to occupy the B sites in ABO3 structure. And, all samples were well sintered at

different sintered temperatures and exhibited dense microstructure with relatively high densities

(>94%) and well-grown grains with any apparent second phase (see Fig.1S).

The measured infrared (IR) reflectivity spectra of several representative samples of KNSNZx

(x=0, 0.002, 0.008, 0.015) at room temperature are shown in Fig. 3. For all composition samples,

the IR spectra show a broad strong band centered at about 659 cm-1 and a weak band centered at

about 3416 cm-1. The presence of these two bands indicates the formation of the perovskite phase,

which is in good agreement with the XRD results in Fig. (2). It is interesting to note that there is
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an additional band to appear near 1642 cm-1 when Zr4+ ions are doped to B sites of KNN host. The

additional band at～1642 cm-1 is probably related to the vibration of the Zr-O bond due to the Zr4+

substitution to Nb5+ in the ABO3 structure.35

Fig. 3. IR spectra of the KNSNZx (x=0, 0.002, 0.008, 0.015) at room temperature

In general, the volatilization of alkali elements in KNN-based ceramics is generally

unavoidable during sintering, because of their relatively high sintering temperature (over 1000 oC)

close to its melting point at 1200 oC. The volatilization behaviors certainly generate compositional

fluctuation, namely K/Na mole ratio, and could influence the piezoelectric and luminescent

performances.2,36 So, it is necessary to quantitatively determine the volatilization degree and mole

ratio of K/Na. For this purpose, the inductively coupled plasma atomic emission spectroscopy

(ICP-AES) is used to investigate the loss degree and stoichiometric deviation behaviors. Fig. 4

gives the weight percentage and K/Na mole ratio of alkali elements (K, Na) as a function of Zr4+

concentrations in KNSNZx (x=0.002, 0.010, 0.015) ceramic samples. The chemical composition

data of K and Na are listed in Table 1. According to the atomic weight of K and Na, the K/Na

mole ratio can be accurately calculated. From the Table 1 and Fig. 4, the K/Na mole ratio shows
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an apparent deviation from 1, and the values of K/Na mole ratio gradually increase with the

increase of Zr concentrations up to x=0.01. The apparent deviation from stoichiometry ratio

indicates clearly that Na elements volatilize more seriously than K elements. Further increasing Zr

contents lead to the decrease of K/Na mole ratio close to 1. The abnormal results compared to low

Zr doped levels means that the Zr dopants could inhibit the volatilization degree of Na elements to

some extent, the exact origins still need further studies in the future.

Fig. 4. Weight percentage and K/Na mole ratio as a function of Zr4+ concentrations in KNSNZx

(x=0.002, 0.010, 0.015) ceramic samples.

3.2. Photoluminescence property

Sm3+ ions are currently used in most commercial phosphors as activators, showing orange-red

light-emission at about 610 nm.37,38 The light-emission intensity can be remarkably enhanced by

introducing compensator or sensitizer ions (lanthanide or mental ions), which can effectively

compensate for the low luminescence efficiency of RE ions resulting from the small absorption

cross section of the parity-forbidden intra-4f transition.39,40 As we are expected, chemically stable

Zr4+ ions more favor transition probabilities of energy levels of Sm3+ ions in the present study. Fig.

5 shows the PL excitation and emission spectra of the KNSNZx (x=0, 0.01) ceramic samples at
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room temperature together with the reflection spectra of KNSNZx (x=0.01) sample. From the

shape and position of the excitation and emission peaks, the introduction of Zr4+ ions have no

influence on the PL and PLE patterns, except for significantly enhancing the relative intensity. In

Fig. 5, the PLE spectra monitored at 597 nm show five sharp absorption bands range from 380 to

500 nm, which are located at 407 nm, 419 nm, 439 nm, 463nm, and 479 nm, respectively. The

strongest absorption appears in the near UV region of 407 nm, whose band covers the emission

wavelength of the commercial n-UV LED chips (360-410 nm). According to the energy level

scheme of Sm3+, these sharp excitation peaks is mainly caused by the typical f-f transition from

the 6H5/2 absorption to the 4F7/2, 4P5/2, 4G9/2, 4I13/2 and 4I11/2 excited states of Sm3+ ions,

corresponding to 6H5/2→4F7/2 (407 nm), 6H5/2→4P5/2 (419 nm), 6H5/2→4G9/2 (439 nm), 6H5/2→4I13/2

(463 nm), and 6H5/2→4I11/2 (479 nm) transitions, respectively. The locations of the PLE peaks are

almost coinciding with the diffuse reflection spectrum of KNSNZx (x=0.01) sample, similar

behavior can be also observed in other Zr4+-doped samples (not shown here). When the samples

are excited by 407 nm, the obtained PL spectra consist of three bands: a green emission at 546～

580 nm, a red emission at 580～679 nm, a much weaker infrared band emission at 690～740 nm.

These emission peaks are mainly originating from the transitions of the excited state 4G5/2 levels to

the ground state 6H5/2, 6H7/2, 6H9/2, and 6H11/2 levels through the nonradiative relaxation of the

excited state 4G7/2 to the 4G5/2 state, attributed to the characteristic f-f transition of Sm3+ from the

4G5/2→6H5/2 transition at 564 nm, 4G5/2→6H7/2 transition at 597 nm, 4G5/2→6H9/2 transition at 647,

and 4G5/2→6H11/2 transition at 710 nm, respectively. In addition, the emission spectra excited by

different wavelength (407 nm, 419 nm, 439 nm, 463 nm, and 479 nm) are shown in the inset

of Fig. 5. The emission peak positions and patterns have no changes except for their relative
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intensities, indicating an effective energy transfer from the absorptions at the excited bands to

the 4G5/2→6H7/2 emission.

Fig. 5. Room temperature PLE, PL and diffuse reflectance spectra of the KNSNZx (x=0, 0.010)

ceramics. The inset is the PL spectra of sample (x=0.10) excited by different wavelength.

In order to investigate the effect of Zr4+ doping concentrations on the emission intensity, we

have prepared a series of Zr4+ doped samples (KNSNZx, x=0, 0.002, 0.005, 0.008, 0.010, 0.015),

and obtained the emission spectra of samples excited at 407 nm, as shown in Fig. 6. As can been

seen from Fig. 6, the PL intensity increases gradually with the increase of Zr4+ concentrations, and

reaches a maximum when the doped content x is up to 0.01 mol. In the inset of Fig. 6, the

dependence of the 4G5/2→6H7/2 emission intensity on Zr4+ concentrations clearly shows the

strongest orange emission with 0.01 mol Zr4+ addition, with an increase of almost 202% compared

to the samples without Zr4+ doping. However, the emission intensity greatly decreases with further

increasing Zr4+ content due to concentration quenching. These results mean that there exists a

nonradiative energy transfer between Sm3+ and Zr4+ ions by exchange interaction, radiation

reabsorption or multipole-multipole interaction owing to the variations of local crystal field

symmetry. Similar results were reported by Ramasamy et al. in Fe3+ doped β-NaGdF4:Er-Yb
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materials.41 For the present samples, Zr4+ ionic doped KNSN at B sites induces the local lattice

distortion, then reduces the local crystal field symmetry too. So, the breaking of local crystal field

symmetry plays a dominating role in an enhancement of the emission intensity, although there is

no sufficient evidence to support it. Nevertheless, the experimental data (the enhanced PL and no

shift of emission peaks) show that Zr4+ substitution does give rise to distinct influence to the

excitation, emission intensity, and crystal structure.

Fig. 6. PL spectra of KNSNZx ceramics excited by 407 nm at room temperature, the inset is the

dependence of the emission intensity (4G5/2→6H7/2) on Zr4+ concentrations.

According to the exchange charge model of crystal field proposed by Malkin et al.,42 the

energy level distribution of Sm3+ may be described by the eigenvalues of the crystal field

Hamiltonian:

 
 


4,2p

p

pk

k
p

k
pOBH (1)

Where k
pB is a crystal field parameter representing the information of the geometrical structure

of an impurity center, for example, the covalent bond and exchange interaction. k
pO is the linear

combinations of irreducible tensor operators acting on angular parts of the Sm3+ ion wave
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functions. According to the results described in Fig. 2, the Zr4+ substitution causes an expansion of

the perovskite lattice due to the relatively larger ionic radius of Zr4+, the distances for Sm3+-O2-

bond become longer, and the crystal field parameters k
pB become smaller, then resulting in a

significant enhancement of the emission intensity by inhibiting a nonradiative energy transfer

from one Sm3+ to another through exchange interaction, namely the occurrence of concentration

quenching. In contrast, the emission intensity seriously decreases as the Zr4+ concentration arrives

to be 0.015 mol, originating from the increase of the local crystal field symmetry due to the

shrinkage of cell volumes, as observed in Fig. 2. It is found that the (200) diffraction peak of

sample with x=0.015 mol shifts to higher angle side, which can be readily attributed to the

appearance of the vacancy-related defects. The formation of the vacancy-related defects can be

written as follows:

NbNaK VmSNaKSm  25)(5 )(5.05.0
3

5.05.0
 (2)

ONb VOrZONbZr   52)(2 52
4 (3)

In present study, the positive-charge defects (SmK0.5Na0.5)2+ can effectively compensate for the

negative-charge defects (ZrNb)-when the Zr 4+ concentrations are below 0.020 mol. Therefore, it is

impossible to form oxygen vacancies according to the Eq. (3). As shown in Fig. 7, the residual

positive-charge defects (SmK0.5Na0.5)2+ would be neutralized by the formation of Nb vacancies

(VNb). With the increase of Zr4+ concentrations, a great deal of Nb vacancies will induce the

shrinkage of cell volumes, leading to the shift of (200) diffraction peak to higher angle side. In

addition, the charge compensation behavior is known to significantly improve the emission

intensity of luminescent materials. However, in Zr4+ doped KNSN samples, the emission intensity

reaches its maximum at x=0.010 mol, here, the positive-charge defects (SmK0.5Na0.5)2+ with 0.01
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mol Sm3+ are only partially compensated for the negative-charge defects (ZrNb)-, suggesting that

there is another important mechanism, the breaking of the local crystal field symmetry discussed

above, to favor the improvement of emission intensity except for the charge compensation.

Therefore, we believe that the significant enhancement of the light-emission with increasing Zr4+

concentration can mainly be ascribed to the breaking of local crystal field symmetry.

Fig. 7. Variations of local crystal field and vacancy formation in KNN host co-doped with Sm3+

and Zr4+, (a) x=0, (b) x≤ 0.01, (c) x>0.01

Several studies have confirmed that KNN-based ceramics are mostly fabricated within a narrow

processing window (～10 oC) in terms of the sintering temperature, and the obtained samples have

low density and poor microstructure, which definitely degrades piezoelectric or ferroelectric

performance.43 Similarly, the PL properties of RE-doped luminescent materials are also strongly

influenced by these factors, as like the results reported by many researchers.44,45 Based on the

above considerations, it is necessary to study the optimal condition of normal sintering of

KNSNZx ceramics and influence of sintering condition on PL properties. In order to obtain the

optimal processing, we present the effects of the sintering temperature and holding time on PL
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performance for the representative KNSNZx (x=0.010) composition, as shown in Fig. 8 (a) and (b).

The emission spectra excited by 407 nm display similar shape and no shift of peaks to the results

observed in Fig. 5. The strongest emission peak still appears at 597 nm (4G5/2→6H7/2). The relative

intensity dependence of the 4G5/2→6H7/2 transition on sintering temperature from 900 oC to 1200

oC is shown in the inset of Fig. 8 (a). We can clearly observe a significant increase of the emission

intensity with increasing sintering temperature up to 1130 oC, and then decreases once the

temperature exceeds 1130 oC. These results indicates that the nucleation rate and crystallite growth

gradually increase during the formation of KNN pervoskite phase when the sintering temperature

is lower than 1130 oC, which is beneficial to improve the emission intensity, while at temperature

higher than 1130 oC, the serious volatilization of K and Na elements and compositional deviation

from the intended stoichiometry (K/Na=1), as illustrated in Fig. 4, might destroy the crystal

structure of KNN host.46 Meanwhile, the samples seem to be oversintered and melted, then leading

to the decreased emission intensity. Likewise, a proper holding time at a high sintering

temperature (1130 oC) also enhances the emission intensity, as shown in Fig. 8 (b). At that time,

the density and crystallite degree will reach their maximum. A longer holding time (higher than 4h)

brings about the higher degree of volatilization of K and Na ions, so the emission intensity

decreases. As mentioned above, the PL performance of the KNSNZx system can be well tailored

by modifying the processing condition. The optimized process in this study is obtained for 0.01

mol of Zr4+, a sintering temperature of 1130 °C , and a holding time of 4h.

Page 17 of 31 Journal of Materials Chemistry C

Jo
ur

na
lo

fM
at

er
ia

ls
C

he
m

is
tr

y
C

A
cc

ep
te

d
M

an
us

cr
ip

t



18

Fig. 8. PL spectra of the KNSNZx (x=0.01) ceramics at different sintering temperature (a) and

holding time (b) excited by 407 nm at room temperature, the insets show the dependence

of emission intensity (4G5/2→6H7/2) on sintering temperature and holding time.

The absolute PL quantum yield (QY) is a key parameter to quantitatively evaluate the

light-emission intensity, defined as the ratio of emitted photons to absorbed photons. The QYs of

the KNSNZx samples at room temperature are measured using a combined steady state & time

resolved fluorescence spectrometer (FLS920), the obtained results are listed in Table 1. It can be

seen that the samples doped with Zr4+ ions show high PL QYs ranging from 0.40 to 0.53.

Especially, the sample with 0.010 mol Zr4+ exhibits the best result, the QY value reaches 0.53,

which is superior to the recently reported QY values of RE-doped ferro-/piezoelectric
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materials,17,18,21,23,47 and comparable to some commercial phosphors, such as Y2O2S/Y2O3:Eu3+.48

Since the QY is closely correlated to the microstructure, processing conditions, the particle/grain

size, and crystallinity of materials, the higher QYs can be obtained by further optimization for

KNSNZx system. Meanwhile, the luminescence decay curves at room temperature are measured

for KNSNZx samples (x=0, 0.002, 0.005, 0.008, 0.010, 0.015) (excitation at 407 nm, emission at

597 nm) as shown in Fig. 9, the decay profiles can be well fitted by a double exponential fit, and

the average decay lifetimes () can be determined by the formula as follows:

)/exp()/exp()( 22110  tAtAItI  (4)

2211

2
22

2
11





AA
AA




 (5)

where I(t) and I0 correspond to the emission intensity at time t and 0, respectively, AJ (J=1,2) is a

constant, and τ1 and τ2 represent the decay times of the exponential components. The average decay

lifetimes () can be obtained by the eq. (5), the detailed results are listed in Table 2. The average

decay lifetimes of KNSNZx samples (x=0, 0.002, 0.005, 0.008, 0.010, 0.015) are 1.012 ms, 1.024

ms, 1.056 ms, 1.069 ms, 1.061 ms, and 1.046 ms, respectively. The chromaticity coordinates (CIE)

and correlated color temperature (CCT) of samples with different Zr4+ content are calculated by a

software (CIE1931xy.V.1.6.0.2) from the emission spectra, summarized in Table 2. The results

show that the addition of Zr4+ ions almost has no effects on the chromaticity coordinates (x, y) and

CCT, then does not change the emission color. In Table 2, the optimized composition with x=0.01

shows CIE chromaticity coordinates of (x = 0.5879, y = 0.4114) and a CCT of 1983 K, which is

located in the orange region, closed to the edge of the CIE diagram, suggesting that the KNSNZx

materials have a high color purity.
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Fig. 9. The decay curves of the KNSNZx ceramics at room temperature, the red curves are fitting

results.

3.3. Thermal stability and water resistance behavior

Thermal quenching behavior of luminescent materials should be taken into accounts when

materials are used in high-powered LEDs.49 Thus, the temperature-dependent emission spectra of

the KNSNZx (x=0.01) sample excited by 407 nm are shown in Fig. 10. The temperature range is

from 20 oC to 260 oC. The relative emission intensities normalized to the integral at 20 °C from

the 4G5/2→6H7/2 transition as a function of temperature are given in the inset of Fig. 9. A slight

increase of the emission intensity is observed with increasing temperature from 20 oC to 60 oC,

owing to the effects of thermoluminescence.50 Subsequently, the emission intensity gradually

decreases with the temperature up to 260 oC. However, the PL intensity still retains about 50% (at

140 oC) of its initial intensity (at 20 oC). Further increasing the measured temperature, the
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phenomenon of thermal quenching appears. The luminescent center in the exited state can be

activated by the temperature-dependence of the electron-phonon interaction. When the

luminescent materials are subject to a high temperature, the 4G5/2 state overcomes the energy

barrier ∆E via the absorption of thermal activation energy, and releases nonradiatively to ground

stated via a crossover between the 6H5/2 ground state and 4G5/2 excited states. At this time, the

electron-phonon interaction plays a dominating role, then resulting in the decrease of emission

intensity.51 In order to clarify the thermal quenching behavior, the activation energy (Ea) can be

determined by the Arrhenius equation:

)/exp(1
)( 0

kTEc
ITI

a
 (6)

where I0 and I(T) are the emission intensity at the initial temperature (20 oC) and the measured

temperature T, c is a constant, Ea is the activation energy of thermal quenching, and k is the

Boltzmann constant (8.629 × 10-5 eV/K).52 According the Eq. (6), the Ea can be obtained from the

slope of the fitting curves, i.e., ln[(I0/I)-1] against 1/kT, as indicated in Fig. 10(b). The

thermal-quenching activation energy Ea was found to be approx. 0.706 eV.

In addition to thermal stability of luminescent materials, the water-resistant behavior must be

considered as another important factor affecting the luminescent property of materials. Several

results published in some literatures have confirmed that the luminescence intensity of some

materials disappears rapidly after water treatment, due to hydrolysis, which severely limits some

application of luminescence materials, especially in the biological field, for example,

Sr1-xAl2O4:Eux, ZnS:Mn2+ luminescence materials.53-55 Therefore, a material suitable for practical

application not only possesses a high luminescence efficiency and thermal stability, but also a

superior resistance to water. To verify the water resistance of the KNSNZx system, the water
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treatment experiments of the representative sample with x=0.01 mol were carried out at room

temperature. The PL spectra of KNSNZx (x=0.01) sample with various immersion times are shown

in Fig. 11. The inset shows the dependence of the relative emission intensity (4G5/2→6H7/2) on

immersion time. After it is immersed in water, the sample with x=0.01 mol almost maintains the

same PL intensity as before immersion. This independent behavior indicates that the crystalline

structures of KNN-based ceramics is not destroyed after water treatment, which can be furher

clarified by the XRD results (Fig. 2S). These results show that KNN-based luminescent materials

co-doped with Sm3+ and Zr4+ are suitable for an application in an aqueous environment due to

their superior water-resistant behavior.

Fig. 10. (a) PL spectra (ex=407 nm) of the KNSNZx (x=0.01) ceramics at different temperatures

in the range of 20 oC-260 oC, (b) the fitting curve of Ln[(I0/I1)-1] vs. 1/T.
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Fig. 11. PL spectra of KNSNZx (x=0.01) sample with various immersion times. The inset shows

the dependence of emission intensity (4G5/2→6H7/2) on immersion time.

4. Conclusions

In this study, a series of orange light-emitting KNSNZx (x=0, 0.002, 0.005, 0.008, 0.010, 0.015)

samples were prepared by conventional solid state method. The phase structure, composition,

photoluminescence property, thermal quenching and water resistance behavior were systematically

investigated. The PL spectra showed that the KNN-based materials co-doped with Sm3+ and Zr4+

ions exhibited a strong orange emitting under the near-UV light excitation of 407 nm, which

makes it compatible with all commercial n-UV LED chips (360-410 nm). The strongest emission

peak was located at 597 nm, ascribed to the 4G5/2→6H7/2 transition. The introduction of Zr4+ ions

significantly enhanced the emission intensity of Sm3+ ions due to the breaking of local crystal field

symmetry and charge compensation. The emission intensity reached its maximum when Zr4+

doping content is about 0.01 mol. ions concentration. Meanwhile, the high QYs, good thermal

ability and superior water resistance property make the (K0.5Na0.5)NbO3:Sm3+/Zr4+ materials a

potential application in novel multifunctional devices, combined with its already admirable

intrinsic piezoelectric properties.
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Table 1. The photoluminescence properties and CIE chromaticity coordinates of KNN materials

co-doped Sm3+ and Zr4+ ions

Samples
ex
(n
m)

CIE τ
CCT QY

x y ms K ()

(K0.5Na0.5)0.99Sm0.01NbO3

(K0.5Na0.5)0.99Sm0.01Nb0.998Zr0.002O3

(K0.5Na0.5)0.99Sm0.01Nb0.995Zr0.005O3

(K0.5Na0.5)0.99Sm0.01Nb0.992Zr0.008O3

(K0.5Na0.5)0.99Sm0.01Nb0.990Zr0.010O3

(K0.5Na0.5)0.99Sm0.01Nb0.985Zr0.015O3

Y2O3S:Eu3+ [Ref. 47]

Y2O3:Eu3+ [Ref. 48]

407
407
407
407
407
407
394
465

0.5872
0.5879
0.5872
0.5878
0.5879
0.5861
0.6220
0.6550

0.4121
0.4114
0.4121
0.4115
0.4114
0.4132
0.3510
0.3450

1.012
1.024
1.056
1.069
1.061
1.046
--
--

1972
1983
1972
1982
1983
1956
--
--

---
0.40
0.44
0.46
0.53
0.51
0.35
<1%

Table 2. Chemical composition and K/Na mole ratio of the KNSNZx (x=0.002, 0.010, 0.015)
samples

Samples
Element (weight%) Mole ratio
K Na K/Na

(K0.5Na0.5)0.99Sm0.01Nb0.998Zr0.002O3

(K0.5Na0.5)0.99Sm0.01Nb0.990Zr0.010O3

(K0.5Na0.5)0.99Sm0.01Nb0.985Zr0.015O3

11.31
11.56
11.03

6.50
6.41
6.52

1.0230
1.0604

0.9947
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Figures captions

Fig. 1. Schematic illustation of multiple functions of RE-doped ferro-/piezoelectrics.

Fig. 2 (a) The illustation of KNN with orthorhombic structure at room temperature [Ref. 3], (b)

XRD patterns of KNSNZx ceramics and (c) XRD patterns for the (200) and (020) peaks

from 44o to 47.5o.

Fig. 3. IR spectra of the KNSNZx (x=0, 0.002, 0.008, 0.015) at room temperature

Fig. 4. Weight percentage and K/Na mole ratio as a function of Zr4+ concentrations in KNSNZx

(x=0.002, 0.010, 0.015) ceramic samples.

Fig. 5. Room temperature PLE, PL and diffuse reflectance spectra of the KNSNZx (x=0, 0.010)

ceramics. The inset is the PL spectra of sample (x=0.10) excited by different wavelength.

Fig. 6. PL spectra of KNSNZx ceramics excited by 407 nm at room temperature, the inset is the

dependence of the emission intensity (4G5/2→6H7/2) on Zr4+ concentrations.

Fig. 7. Variations of local crystal field and vacancy formation in KNN host co-doped with Sm3+

and Zr4+, (a) x=0, (b) x≤ 0.01, (c) x>0.10

Fig. 8. PL spectra of the KNSNZx (x=0.01) ceramics at different sintering temperature (a) and

holding time (b) excited by 407 nm at room temperature, the insets show the dependence

of emission intensity (4G5/2→6H7/2) on sintering temperature and holding time.

Fig. 9. The decay curves of the KNSNZx ceramics at room temperature, the red curves are fitting

results.

Fig. 10. (a) PL spectra (ex=407 nm) of the KNSNZx (x=0.01) ceramics at different temperatures

in the range of 20 oC-260 oC, (b) the fitting curve of Ln[(I0/I1)-1] vs. 1/T.
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Fig. 11. PL spectra of KNSNZx (x=0.01) sample with various immersion times. The inset shows

the dependence of emission intensity (4G5/2→6H7/2) on immersion time.
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